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ABSTRACT

EFFECTS OF FUEL MOLECULAR STRUCTURE AND COMPOSITION
ON SOOT FORMATION IN DIRECT-INJECTION SPRAY FLAMES

Kenth Ingemar Svensson
Department of Mechanical Engineering
Doctor of Philosophy

Numerous investigations have been conducted to determine the effect of fuel
composition and molecular structure on particulate emissions using exhaust gas analysis,
but relatively few measurements have been obtained in-cylinder or under conditions
where fuel effects can be isolated from other variables. In this work, dimethoxymethane
was used as the base fuel to produce a non-sooting flame in a constant volume
combustion vessel at 1000 K, and a density of 16.6 kg/m3. A second fuel was then added
incrementally to determine an incipient soot limit.

Line-of-sight extinction

measurements were used as the primary diagnostic tool to determine if a correlation
exists between soot and fuel properties. These data indicate that fuels with carbon double
bonds are more prone to soot than the single bonded fuels. Each of the four pure
additives tested began to soot at a structure-weighted available oxygen-to-carbon ratio
near one.

The commonly used two-color method for measuring temperature and soot
concentration (KL) was used as a secondary method. A method for calibrating and
analyzing the uncertainty of the temperature and KL measurements with a single color
RGB digital camera was demonstrated.

Images of reacting jets of different soot

concentrations are shown along with an uncertainty analysis.
The resulting temperature and KL maps show uneven distributions for flames of
various fuels. Analysis shows that the temperature and KL values of heavily sooting
fuels are primarily a result of conditions (temperature and soot concentration) within a 1–
2 mm region on the surface of the jet, where a turbulent diffusion flame is present. As
soot concentration decreases, the region of influence affecting the result thickens,
allowing more influence from within the jet, lowering the measured temperature.
Therefore, a low-sooting jet appears to have a lower temperature than a high-sooting jet.
Extinction and two-color soot measurement results were compared. The two-color
KL values were seen to level off at around 0.5, but continue to increase monotonically as
soot increased.

The broad band method is therefore not good for absolute soot

measurements. Natural luminosity measurements were sensitive to the first appearance
of soot, but were non-linear.
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1 INTRODUCTION
Diesel engines are the primary choice for the commercial transportation industry due
to their reliability, durability, high fuel efficiency, and therefore high cost efficiency (Lee
et al., 1998). Diesel engines also emit less carbon dioxide, known to be a greenhouse
gas, than gasoline engines do, but their existence is threatened by their emission of
particulate matter (PM) and nitrous oxides (NOX).

The Environmental Protection

Agency (EPA) has, over the past two decades, mandated increasingly stringent emission
regulations for PM and NOX, which are shown in Figure 1.1, where NOX and PM
emission regulations are noted as a function of year.

0.6
Particulate (g/bhp-hr)

1990

1988

0.5
0.4
0.3
0.2

2010

0.1
2004

1994

0
0

2

4

6

8

10

12

NOx (g/bhp-hr)

Figure 1.1. Past, current and future EPA regulations for NOX and PM (IFQC, 2000).
Note that the reduction in NOX and PM from the currently obtainable 2004
regulations (2.5 g/bhp-hr NOX, 0.1 g/bhp-hr PM), to the 2010 regulations (0.20 g/bhp-hr
NOX, 0.01 g/bhp-hr PM) is 90% or greater. An improved understanding of pollution
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formation and technologies, which can reduce emission levels, is necessary before diesel
engine designers can meet future emission regulations.
One important reason for PM regulations is public health. Studies have shown that
exposure to diesel exhaust can cause lung cancer and acute inflammatory changes in the
lungs. Other detrimental effects include eye irritation, heavy breathing, chest tightness,
wheezing and chronic lung function deterioration and asthma. Most studies attribute
these effects to soot particles. The unpleasant smell of diesel exhaust is also associated
with particulate (Ulfvarson, 2000).
There are three options for controlling diesel engine particulate: 1) in-cylinder
reduction, 2) exhaust after treatment (capture), and 3) fuel modification. All three of
these approaches will likely be necessary to meet future emissions standards. The overall
objective of this work will be to determine the effect of various fuel compositions and
structures on soot formation under typical diesel engine conditions. This work will
provide information relevant to fuel modification strategies in helping to determine which
components of diesel fuel are most responsible for soot. It will also provide information
relevant to the trade-off for reducing soot with increased air (oxygen) entrainment incylinder and increased fuel oxygen.
Although, numerous studies have been performed in laboratory flames and engines
related to this topic which will be reviewed thoroughly in Chapter 2, this work will
introduce data from an experiment where the critical variables of temperature and
pressure are held constant between fuels being tested and where soot formation and
oxidation can be observed in-cylinder and in-situ, while the bulk of the previous work has
involved only exhaust measurements with no or little control over critical soot variables.

2

1.1 Overview
This chapter has introduced the topic and explained the motivation for the work. The
following chapters provide background information and outline the proposed research
method as well as present results and conclusions. Chapter 2 is an extensive review of
soot formation in diesel engines including relevant results from laboratory flames.
Chapter 3 defines the specific objectives of this work. Chapter 4 provides a description
of the research facility, the set-up for selected measurement techniques and analysis
procedures. Results are shown and discussed in Chapters 5 and 6 followed by a summary
and conclusions in Chapter 7.

3

4

2 LITERATURE REVIEW
The literature review contains several sections designed to both review the material
relevant to fuel composition effects on soot formation and to provide background
material into the soot formation and diesel combustion processes. In the first section,
soot formation and oxidation processes are presented, not with the intent of providing an
extensive review, but a tutorial with references relevant to diesel soot formation and
oxidation being cited. Following an introduction and discussion of diesel combustion
processes, an extensive review of experiments performed to determine the effect of fuel
composition and structure in diesel engines is provided.

2.1 Soot
Soot is not a well-defined substance, but in general terms soot is a solid substance
consisting of roughly eight parts carbon to one part hydrogen, C8H (Glassman, 1996).
Soot is formed from unburned fuel, which nucleates from the vapor to the solid phase in
fuel-rich regions near flames. Hydrocarbons or other available molecules may condense
on, or be absorbed by soot depending on the surrounding conditions; particularly on soot
that has escaped oxidation.

Particulate is often sampled by filter deposition.

The

deposition consists of a soluble and an insoluble (or dry) fraction. The fraction of
particulate, which is soot, is often determined by finding the insoluble portion of the
particulate. The fraction of soot in particulate from diesel exhaust varies, but is often
higher than 50%.

Other particulate matter constituents include: un/partially burnt
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fuel/lubricant oil, bound water, wear metals and fuel derived sulfate (Ullman, 1989; Lee
et al., 1998).

2.1.1 Soot formation and oxidation processes
The topic of soot formation and oxidation has been studied for decades in various
combustion systems and for various fuel types, but a complete understanding is still
lacking. Glassman (1988) notes that the processes of soot formation and oxidation are
very complex and therefore, the amount of soot formed per unit weight of fuel burned
cannot be determined by any single characteristic parameter. This complexity stems
from the fact that these processes are influenced by the flame type and by chemical and
physical parameters. Despite this complexity, there is a generalized conceptual model,
which identifies the controlling steps of the soot formation process, which is similar for
all liquid and gaseous fuels. Experimental evidence from different combustion systems
and fuels indicate that chemical kinetics is the rate controlling process (Smith, 1981).
The processes of soot formation are: pyrolysis, nucleation, coalescence, surface
growth and agglomeration shown in Figure 2.1 below.

Soot oxidation may occur

simultaneously to these processes.
Precursors
F
U
E
L

Pyrolysis

C2H2

PAH

Nuclei
Nucleation

Agglomerates

Primary Particles
Coalescence

Agglomeration

Surface
Growth

Figure 2.1. Schematic diagram of the steps in the soot formation process.
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Initial fuel molecules in diesel fuel contain 12 to 22 carbon atoms with an H/C ratio
of about two (Smith, 1981). Heywood (1988) lists H/C ratios of 1.7 and 1.8 for heavy
and light diesel fuels respectively. These saturated hydrocarbon molecules break down
into unsaturated fragments that form carbon rings and later soot (Ladommatos et al.,
1996).
Since the diesel combustion process is a two-stage process consisting of a premixed
burn phase and later a mixing-controlled or diffusion burn phase, it is of value to discuss
soot formation processes in both premixed and diffusion flames.

Most of the

fundamental information available on soot formation comes from studies using premixed
and diffusion flames, well-stirred reactors, shock tubes and constant volume (isochoric)
combustion chambers. Glassman (1996) noted that it is difficult to get fundamental
information from turbulent jets. This is indicated by the wide variation of sooting
tendency as a function of equivalence ratio in turbulent jets. Although fundamental
studies on soot formation have not been done in diesel engines, it has been presumed that
the basic mechanisms are similar. This is because the size and structure of the soot
particles, the qualitative effects of changes in the local equivalence ratio, temperature and
pressure and the effect of metal additives is similar (Smith, 1981).

2.1.1.1 Fuel pyrolysis
Pyrolysis is the process of organic compounds, such as fuels, breaking down into
simpler molecules in the presence of high temperature and/or oxidative species.
Pyrolysis reactions are generally endothermic, meaning that their rates are often highly
temperature dependent (Smith, 1981).

Fuel pyrolysis rates are also a function of
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concentration.

Soot precursor formation due to the rate of pure fuel pyrolysis and

precursor oxidation by the hydroxyl radical, OH, are two simultaneous, competitive
processes in premixed flames. There is no oxidation of precursors in diffusion flames
during fuel pyrolysis. Both pyrolysis and oxidation rates increase with temperature, but
the oxidative rate increases faster. This explains why premixed flames soot less and
diffusion flames soot more as the temperature increases. Radical diffusion is important in
diffusion flames, especially the H atom, which accelerates pyrolysis when diffused into
the fuel-rich zone (Glassman, 1996). Smith (1981) notes that it is expected that small
amounts of O, O2 and OH might accelerate the process since pyrolysis takes place by
means of a free radical mechanism.

The presence of soot can accelerate the

decomposition of benzene and acetylene during pyrolysis due to its highly reactive
surface (Haynes and Wagner, 1981).
If the exact pyrolysis reactions were known, the sooting tendency could be predicted.
Ladommatos et al. (1996) say that fuel pyrolysis is believed to be the most important
factor for sooting tendency in laminar diffusion flames. Olson et al. (1985) mention other
important factors: particle growth in the hot fuel-rich interior zone and particle oxidation
in the OH rich combustion zone on the lean side of the flame.
All fuels undergo pyrolysis to the same essential species – unsaturated hydrocarbons,
polyacetylenes, polycyclic aromatic hydrocarbons (PAH) and especially acetylene, which
is produced by both thermal and oxidative pyrolysis. Smith (1981) adds that if enough O
and OH are present, some acetylene is oxidized to relatively inert products. Haynes and
Wagner (1981) list C2H2, C2H4, CH4, C3H6 and benzene as typical pyrolysis products in
laminar diffusion flames. They also state that a decreased residence time in the pyrolysis
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zone reduces soot formation in diffusion flames.

Radicals are also formed during

pyrolysis, and Glassman (1996) says that larger molecules increase the radical pool size.

2.1.1.2 Nucleation
Nucleation or soot particle inception is the formation of particles from gas-phase
reactants. Bartok and Sarofim (1991) state that the smallest identifiable solid particles in
luminous flames have diameters in the range 1.5 to 2 nm, generally referred to as nuclei.
They go on to say that the particle inception process probably consists of radical
additions of small, probably aliphatic, hydrocarbons to larger aromatic molecules.
Reports on particle inception temperatures vary from 1300 to 1600 K. These particle
nuclei do not contribute significantly to the total soot mass, but do have a significant
influence on the mass added later, because they provide sites for surface growth.
Spatially, nucleation is restricted to a region near the primary reaction zone where the
temperatures, and radical and ion concentrations are the highest in both premixed and
diffusion flames (Bartok and Sarofim, 1991).
According to Glassman (1996), a general, fuel-independent soot formation
mechanism exists, which has alternative routes to intermediate species. The routes are
affected by temperature and initial fuel type. This implies that the propensity to soot is
determined by the initial rate of formation of the first and second ring structures. The
processes of growth to even larger aromatic ring structures leading to soot nucleation and
growth are similar for all fuels and faster than the formation of the initial rings. Thus, the
relatively slow formation of the initial aromatic rings controls the incipient soot
formation rate, which determines the amount of soot formed. Two propynyl radicals,
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C3H3, are likely to form the first ring. The aromatic ring is thought to add alkyl groups,
turning into a PAH structure, which grows in the presence of acetylene and other vaporphase soot precursors. At some point the PAH is large enough to develop into a particle
nuclei, which at this point contains large amounts of hydrogen. Haynes and Wagner
(1981) note that ring-rupture slows down the rate of soot formation and reduces the final
yield.
Bryce et al. (1999) mention three soot nucleation routes. 1) Cyclization of chain
molecules into ring structures. An example of this is acetylene molecules combining to
form a benzene ring. 2) A direct path where aromatic rings dehydrogenate at low
temperature and form polycyclics, and 3) breakup and recyclization of rings at higher
temperatures.
As soon as particle nuclei are formed, they start to collide. There are two types of
collisions: colliding particles coalesce into a larger particle (coalescence) or they stick
together but retain their individual identities (agglomeration). It is typical that particles
up to several tens of nanometers coalesce; when larger they tend to build chains or
agglomerate (Bartok and Sarofim, 1991).
It has been shown that the particle size can be kept small. Glassman (1996) and
others report that alkaline metal additives such as Ba, Sr and Ca reduce soot particle size
and volume fraction and increases number density. However, there is no clear evidence
that metal additives affect nucleation in diffusion flames. With regard to DI diesel
combustion, Smith (1981) points out that higher temperatures are expected to increase the
nucleation rate and faster mixing is expected to decrease nucleation.
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2.1.1.3 Surface growth
Surface growth is the process of adding mass to the surface of a nucleated soot
particle. There is no clear distinction between the end of nucleation and the beginning of
surface growth, and in reality the two processes are concurrent. During surface growth,
the hot reactive surface of the soot particles readily accepts gas-phase hydrocarbons,
which appear to be mostly acetylenes. This leads to an increase in soot mass, while the
number of particles remains constant. Surface growth continues as the particles move
away from the primary reaction zone into cooler and less reactive regions, even where
hydrocarbon concentrations are below the soot inception limit (Haynes and Wagner,
1981). The majority of the soot mass is added during surface growth and thus, the
residence time of the surface growth process has a large influence on the total soot mass
or soot volume fraction. Surface growth rates are higher for small particles than for
chain-forming older ones, because the smaller ones have many radical sites (Bartok and
Sarofim, 1991).
Acetylene and aromatics are more effective growth species than aliphatics, and larger
molecules add faster than smaller molecules (Haynes and Wagner, 1981). Because of
this preferential addition of larger molecules, the H/C ratio of the soot particle decreases.
This is an indication that the polyacetylenes added have a very high molecular weight or
that dehydrogenation takes place concurrently. As the soot particles grow, they loose
their affinity for polyacetylenes (Smith, 1981).
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2.1.1.4 Coalescence and agglomeration
Coalescence and agglomeration are two simultaneous processes by which primary
soot particles combine. The beginning and end of these processes are not well defined.
Coalescence (sometimes called coagulation) means that particles collide and coalesce,
thereby decreasing the number of particles and holding the mass of soot constant.
Agglomeration means that particles stick together to form chains.

These chains or

agglomerates can later combine into larger clusters or aggregates via aggregation.
Bartok and Sarofim (1991) explain that coalescence can be inhibited by ionizing
metal additives such as cesium or potassium even at concentrations below 1 ppm. The
soot particles presumably resist coalescence by coulombic repulsive forces. The soot
yield is the same but the particles are much smaller, which is desirable for oxidation but
undesirable if the particles escape oxidation.

2.1.1.5 Oxidation
Oxidation is a continuous process wherever oxidizing species are present from the
time of particle inception until late soot burnout. Smaller particles oxidize more easily
than larger ones but are possibly a greater health threat if they escape. Glassman (1996)
says that soot particle oxidation occurs when the temperature is higher than 1300 K and
the equivalence ratio is less than one. Smith (1981) adds that it is the graphite-like
structure of soot particles that is thought to be responsible for its unusually high
resistance to oxidation.
Oxidation of small particles is considered a two-stage process. The first step is
chemical attachment of oxygen to the surface (absorption), followed by desorption of the
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oxygen with the attached fuel component from the surface as a product (Glassman,
1996).
Bartok and Sarofim (1991) say that OH is most likely to dominate soot oxidation
under fuel-rich and stoichiometric conditions even in the presence of large concentrations
of O2. Under lean conditions, soot is oxidized by OH and O2. About 10–20% of all
collisions of OH with soot are effective in gasifying a carbon atom (Haynes and Wagner,
1981).
Even well mixed systems emit soot when the C/O ratio exceeds 0.5. This is because
oxygen from OH gets tied up in carbon dioxide and water, which both are relatively
stable species via the reactions
H2 + OH → H2O + H

(R 2.1)

CO + OH → CO2 + H

(R 2.2)

The forward rates of both reactions are significantly faster than the reverse rates at
flame temperatures, making them effectively irreversible on the available time scale.
How much soot is emitted depends on how fast it is oxidized in the zone where the C/O
ratio is less than 0.5 (Smith, 1981).

The oxidation rate is also a function of soot

nanostructure.

2.1.2 Effects of physical parameters on soot
There are three physical parameters which have a large influence on soot formation
for a given fuel type, which are temperature, pressure, and local equivalence ratio.
Therefore it is important to keep these parameters constant or at least be able to estimate
them when comparing incipient soot limits and sooting tendencies of various fuels.
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2.1.2.1 Temperature and equivalence ratio
Temperature strongly affects chemical reaction rates. Therefore it affects pyrolysis
and oxidation rates as mentioned earlier, which in turn affects soot formation in flames.
In lifted flames, an increased bulk gas temperature decreases the lift-off length (discussed
later), which in turn increases the equivalence ratio. This was shown by Pickett and
Siebers (2003).
The equivalence ratio clearly affects soot formation. If a fuel is burning at an
equivalence ratio of about 2, it may not form soot if the carbon goes to CO. Above an
equivalence ratio of 2, soot will typically form.

2.1.2.2 Pressure
Pressure affects temperature, flow velocity, flame structure and thermal diffusivity.
For diffusion flames, the pressure alters the flame structure and thermal diffusivity, which
varies inversely with pressure (Glassman, 1996). Glassman also says that the mass burn
rate increases with increasing pressure in premixed flames.
Several studies mentioned below have shown that increased pressure increases the
soot yield in diffusion flames. Haynes and Wagner (1981) reported that soot formation
increases significantly with increasing pressure for premixed flames as well.
Flower (1985) measured soot volume fraction in a diffusion ethylene flame at
pressures from 1–2.5 atm and found that the soot volume fraction increase is proportional
to the pressure squared. Higher pressures also yielded larger particles, greater particle
number density and a slightly lower peak flame temperature. Flower (1988) measured
soot formation in axisymmetric turbulent ethylene diffusion flames at pressures from 0.1–
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0.8 MPa (~ 1–8 atm) via laser attenuation. He found that the soot volume fraction
increased as P1.4 for pressures from 0.1–0.5 MPa for flames with fixed residence time and
flame tip Reynolds number. This is close to the P1.2 dependence for laminar diffusion
flames found by Flower and Bowman (1987). At the pressure of 0.8 MPa, the soot
formation decreased with residence time. It was suggested that this might result from
higher radiation losses leading to lower temperature and lower soot formation rates. The
residence time increased linearly with pressure. Haynes and Wagner suggested that a
possible explanation is a shift in the gas-solid balance favoring more condensed phase at
higher pressures.
Böhm et al. (1988) studied soot formation in premixed C2H4 and C6H6 flames. They
found a P2 dependence of the final soot volume fraction formed for constant flame
temperatures above 1650 K and C/O ratios from 0.65–0.75 and pressures from 1–5 bar.
The conclusion from these studies is that an increase in pressure increases soot
formation at a rate, which could be as high as P2, although the mechanism is uncertain.

2.1.3 Soot properties
To obtain quantitative optical measurements of soot mass or volume fraction, it is
necessary to know or assume physical and optical properties of soot. Because these
measurements will be concerned mostly with identifying the onset or presence of soot
and not the quantity of soot involved, the precise optical properties of soot become less
important. A brief description of how the soot will be modeled optically will be given
here. For a more detailed discussion of optical soot optical properties see Svensson
(2002).
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2.1.3.1 Physical properties
The density of soot is reported to be 1.84 ± 0.1 g/cm3 by Choi et al. (1994), and the
reports by most other authors fall within this range. Soot consists mainly of carbon, but
has 10 mol percent or more of hydrogen. Newly formed particles have the highest
hydrogen content with a C/H ratio as low as one. Soot formed in flames contains at least
1% hydrogen by weight, corresponding to the approximate empirical formula C8H
(Glassman, 1996).
The primary soot particles from diesel engines are nearly spherical, and have
diameters ranging from 20–50 nm with an average diameter of about 30 nm (Lee et al.,
2001). Bruce et al. (1991) reported a range of 30–70 nm for the primary particle
diameter.

These primary particles form agglomerates.

In-cylinder scattering

measurements in diesel engines have revealed that average agglomerate diameters range
from 30–50 nm (Tree and Foster, 1994) and 40–65 nm (Pinson et al., 1994). The
agglomerates form shapes from relatively straight chains to more compact clusters. After
combustion ends, they agglomerate further (Ladommatos and Zhao, 1994).
Agglomerates sampled from the exhaust are typically chain-like strings and range in size
from 100 nm to 2 µm.

2.1.3.2 Optical properties
For this work, an empirical emissivity model introduced by Hottel and Broughton
(1932) given in Equation 2.1 will be used to represent the emissivity (ε) of soot. This
model has been used extensively throughout the engine literature in obtaining two-color
pyrometry results of temperature and KL (optical thickness) in-cylinder.
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It is the

common usage of KL that motivated its usage here in order to compare results with those
in the literature. λ represents wavelength and α is 1.39 in the visible spectrum.
⎛ − KL ⎞
ε = 1 − exp⎜ α ⎟
⎝ λ ⎠

(2.1)

2.2 Relevant laboratory flame studies of fuel property effects on soot formation
Molecular structure and elemental composition determine the chemical and physical
properties of fuels. A brief review of how fuel composition and structure affect soot
formation in laboratory flames is provided here to build a foundation from which soot
formation in diesel combustion can be interpreted. It is hoped that once understood,
diesel combustion and diesel fuel can be classified relative to these simpler systems and
fuels.

The effect of fuel molecular structure on soot formation has been studied

extensively in laboratory flames.

A complete review is beyond the scope of this

document, however a review of what is thought to be most relevant to diesel engine soot
formation has been attempted.
Since laboratory flames are simpler and have been studied more extensively, there is
beginning to be a consensus on the importance of fuel structure in the soot formation
process. However, conflicting results are reported in engine studies. Heywood (1988)
and Smith (1981) note that characteristics of diesel combustion make it unsuitable for
fundamental studies, because of its high gas temperatures and pressures, complex fuel
composition, turbulent mixing, unsteady process and 3-D geometry. For these reasons it
is difficult to apply fundamental ideas regarding soot formation in the diesel context.
Laboratory flames are typically classified as premixed, diffusion, or non-premixed
flames, and either laminar or turbulent and finally as steady or unsteady. Boundaries
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between premixed and diffusion flame classifications are arbitrary. As will be seen in the
next section, it is unclear whether diesel combustion should be classified as premixed,
diffusion or non-premixed. The classical classification of a diesel flame is quasi-steady,
turbulent and diffusion limited. Fuels are classified by their molecular structure and by
their composition. Diesel fuel is a mixture of all fuel structures and many compositions
where the aromatic, aliphatic and paraffinic content of the fuel are often cited.
Fundamental studies of soot formation and oxidation in laboratory flames have sought to
correlate or predict sooting tendencies based on fuel structure or composition for a given
flame type. A summary of some experiments and conclusions follow.
Calcote and Manos (1983) state that all data in the literature on premixed and
diffusion flames, taken in many studies using different techniques, are consistent with
respect to molecular structure on soot formation for the two types of flames. The data
imply that chemistry controls soot formation in both types of flames. Increasing the
molecular weight (number of carbon atoms) of a fuel or the degree of isomerization
(molecular compactness) increases the sooting tendency for both flame types.

The

authors note that these data do not necessarily hold true for practical combustion systems.
The fact that smaller molecules soot less and compact isomers or branched chain
molecules soot more in diffusion flames was also noted by Haynes and Wagner (1981).
Olson et al. (1985) shows that the maximum soot volume fraction in diffusion flames
decreases linearly with an increasing weight-percent of hydrogen for alkanes, alkenes,
alkynes, alkylbenzenes and naphthalenes. All fuel types fall on the same linear trend line
with r2 = 0.88. If extrapolated, the trend predicts a zero maximum soot volume fraction

18

at approximately 20 weight-percent hydrogen or a C/H ratio of 0.4. They acknowledged
that the correlation with hydrogen might be affected by flame temperature.
Glassman (1996) also mentions that diffusion flame and shock tube experiments both
show the same trends concerning the role of molecular structure in a fuel and the fuel’s
tendency to soot. With regards to premixed flames, Glassman says that the molecular
structure does not play a role at a given flame temperature and number of carbon-carbon
bonds. He shows, for example, that two different structures like benzene and decane,
both having nine carbon-carbon bonds, will have the same critical equivalence ratio
(equivalence ratio where soot begins to form) at a given flame temperature. The critical
equivalence ratio uses CO instead of CO2 as the combustion product. Plotting the
logarithm of the critical equivalence ratio versus the number of carbon-carbon bonds
produces a straight line with the critical equivalence ratio decreasing as the number of
carbon-carbon bonds increases.
Ladommatos et al. (1996) measured the ultimate sooting height of laminar diffusion
flames for a number of fuels. The height was then converted to the Threshold Sooting
Index (TSI) defined by Calcote and Manos (1983) and plotted against the number of
carbon atoms for the fuels they studied and for fuel data in the literature. They found that
the molecular structure is one of the principal factors governing sooting tendency in
laminar diffusion flames. The ring structure is by far the most important structure and
fused cyclic molecules are the most prolific sooters. For non-aromatic fuels, the main
chain length or ring circumference (number of carbon atoms) and the number, position,
and length of side chains have secondary structural effects that tend to increase sooting
tendency.

The carbon double bond (C=C) has a substantial influence on sooting
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tendency, but there is no current evidence that the position of double bonds influences
sooting. They also found that cyclohexane (saturated ring) soots more readily than
hexane (open chain), but less readily than the unsaturated ring of cyclohexane and
benzene soots much more readily than the saturated or unsaturated rings. The authors
note that it is desired to compare sooting tendency at a constant flame temperature to
isolate structural effects, because higher flame temperatures increase fuel pyrolysis and
soot formation. The butadienyl radical, C4H5·, most readily formed by C4 hydrocarbons,
also has a greater propensity to soot (Glassman, 1996). Glassman also suggests that the
temperature is the parameter determining the extent to which a fuel will soot under a
given process.
Soot has also been found to depend strongly on the ratio of carbon-to-oxygen atoms
in the fuel. Böhm et al. (1988) found that soot volume fraction in C2H4-air flames is
proportional to (C/O – (C/O)crit)n with n ranging from 3.5–4.
Bryce et al. (1999) said that diffusion flame soot formation, nucleation, growth,
diffusion and oxidation occur on a similar time scale in an engine for all fuels tested.
Diffusion flames also have the highest soot concentration close to the flame envelope
where high temperature and lack of oxygen encourage pyrolysis and soot formation. The
highest soot concentration in turbulent diffusion flames coincides with maximum
temperature (Haynes and Wagner, 1981).
A scheme used to reduce sooting tendency is to add an inert diluent. Haynes and
Wagner (1981) said that addition of inert gases like Ar, N2 and He generally decreases
the sooting tendency in diffusion flames. Hydrogen, carbon dioxide and water additions
to the fuel also reduce soot formation. These reduction schemes work because they

20

reduce flame temperature. Haynes and Wagner also said that oxygen addition may
increase or decrease soot formation. Glassman (1996) explains that the addition of
oxygen to fuels such as ethene and benzene noticeably affects their sooting tendency,
because it changes the early concentration of hydrogen atoms. On the other hand, modest
amounts of oxygen added to paraffins act more like an inert diluent.
Thermal cracking is a method used to study pyrolysis. The fuel is heated slowly and
breaks down into smaller compounds, which are detected. Murayama et al. (1995)
showed, from thermal cracking, that pyrolysis products like ethylene, benzene and PAH
concentrations were reduced when more oxygen was present. Tosaka et al. (1989) used
thermal cracking on diesel fuel, n-hexadecane, n-hexene, n-decane, norbornadiene,
cyclohexane, benzene, naphthalene, anthracene and diethylbenzene.

Their results

showed that paraffinic fuels first cracked into one and two carbon compounds at about
450°C and later formed aromatic rings and PAH via condensation polymerization above
600°C. The aliphatics behaved similarly for single, double and ring carbon bonds,
although processes occur at slightly different temperatures.

Aromatic fuels rarely

cracked, and experienced condensation polymerization into higher order aromatics and
PAH from about 550°C and up. This result demonstrates that the molecular structure of
the fuel can affect the pyrolysis process, PAH and soot formation.
In conclusion, it is seen that a consensus exists among researchers that fuel
composition and structure play an important role in soot formation in diffusion flames
while most, but not all, agree that fuel structure is not important in premixed flames. For
all flames, increasing the number of C-C bonds generally increases the tendency of the
fuel to soot. In diffusion flames higher temperatures increase soot formation rates, while
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reactions with access to some oxygen or oxidative species tend to have a maximum in the
soot formation rate as temperature is varied. Pressure increases soot formation in all
flames with varying influence. Oxygen within the fuel structure generally decreases soot
formation, but the effect is coupled to temperature and may also be accounted for by the
reduction in the C-C bonds in premixed flames. Most investigators agree that double
carbon bonds and aromatic structures increase soot formation in all flames, while
Glassman (1996) agrees with this result in diffusion flames but differs by arguing that it
is only temperature and the number of C-C bonds that affect soot formation in premixed
flames. There is also a consensus that the critical equivalence ratio of importance is
determined by fuel going to CO and not CO2, because once the carbon is partially
oxidized to CO it will not form soot.

2.3 Direct-injection diesel engine combustion process
During the last decade, an improved understanding of direct-injection diesel engine
combustion has been gained thanks to laser-based and other optical diagnostics and
optically accessible apparatus such as optical engines and isochoric combustion
chambers. Significant insight has been obtained from work done at Sandia National
Laboratories by Dec and Siebers and their co-workers. They developed a new conceptual
model of direct-injection (DI) diesel engine combustion, which provides a foundation for
understanding pollutant formation of both soot and NOX. Their conceptual model is
described below followed by a section on soot formation in DI diesel combustion.
Figure 2.2 shows a picture of Dec’s conceptual model of a reacting diesel jet in a DI
heavy-duty diesel engine during the quasi-steady phase of combustion. Typically, an
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engine has 6–8 reacting jets in each cylinder, each being similar to the one depicted. The
diesel fuel spray shown is injected into typical cylinder gas conditions of 1000 K and
~ 17 kg/m3. The process from start of injection (SOI) to late soot burnout is described
below.

Figure 2.2. Conceptual picture of a reacting diesel spray during the quasi-steady portion
of combustion from Dec (1997).

Liquid fuel is injected into the cylinder (moving from left to the right in Figure 2.2) at
a high injection pressure in the range 35–172 MPa (5,000–25,000 psi). Injection starts
near the end of the compression stroke, usually around 12º BTDC, where typical
temperatures and pressures are in the ranges 850–1100 K and 2.4–12.6 MPa respectively,
corresponding to gas densities of 10–40 kg/m3 (Siebers, 1999). As the fuel jet travels
into the cylinder, it entrains hot air from momentum exchange, which starts the fuel
vaporization process. The fuel jet expands rapidly into a cone shaped spray due to air
entrainment as shown by the liquid fuel region. The hot air vaporizes the outer layer of
the spray cone. The liquid fuel jet penetrates until the energy in the entrained gas is
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sufficient to evaporate the fuel, after which it continues to penetrate as a vapor. The
length of liquid penetration has been called the liquid-length by Siebers (1998) and is
approximately 25 mm for diesel fuel under the conditions stated above. The liquid-length
is reached within about 3 crank angles (CA) after injection, while the injection duration is
typically 10–15 CA. Beyond the liquid-length is a vapor region, where there is no fuel in
the liquid phase. When the fuel/air mixture reaches a high enough temperature to react, it
produces a fuel-rich premixed reaction with a low oxygen-to-carbon (O/C) ratio (high
equivalence ratio). The O/C ratio in the fuel-rich premixed zone can be increased by
oxygenating the fuel or by entraining more air into the fuel jet. The fuel-rich premixed
reaction leads to soot precursors and later soot formation, as depicted by increasingly
darker regions.

Between 5.5º and 6.5º after SOI a diffusion flame envelope is

established. This is the start of the quasi-steady phase of the combustion process (Dec,
1997). During this phase, the reacting spray reaches the piston bowl wall and the leading
edge spreads out along the wall. The end of injection (EOI) ends the quasi-steady phase.
After EOI the diffusion flame moves upstream quickly and the fuel that is injected
last does not entrain as much air. A turbulent diffusion flame surrounds the rich mixture
of products and unburned fuel that remain shortly after injection. During expansion, the
jet structure evolves into a pocket of rich premixed products surrounded by the diffusion
flame.

The pocket reduces in size and breaks into smaller pockets as combustion

continues. Late in the cycle, numerous pockets of burning fuel have been observed and
their temperatures are initially high enough that a flame will surround any pocket of
unburned gas, which escapes the initial main jet structure. Late in the expansion process,
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the temperature decreases to the point that combustion in the few remaining pockets is
quenched.

2.3.1 Soot formation and oxidation in DI diesel combustion
Soot formation and oxidation in general was reviewed earlier. This section discusses
soot formation and oxidation in context of the DI diesel combustion process from the
previous section. Specific effects of fuel properties and molecular structure on soot
formation in the DI combustion process are discussed in Section 2.4.2.
The diffusion flame envelope stabilizes at a location downstream of the fuel injector
under quiescent conditions.

This location is called the flame lift-off length and its

location corresponds to where the first chemiluminescence is seen. The flame lift-off
length plays a key role in the soot formation process. Fuel and air mix upstream of the
lift-off length and react downstream of the lift-off length. A rich premixed reaction takes
place just downstream of the liquid-length. This premixed reaction releases a significant
amount of heat and leaves products containing unburned and/or partially burnt fuel.
These products then become the fuel for the remaining heat release further downstream.
Soot formation occurs in this mixture of rich premixed combustion products (Chomiak
and Karlsson, 1996; Dec, 1997; Flynn et al. 1999).
Siebers and Higgins (2001) measured flame lift-off lengths of number 2 diesel fuel
under various conditions in an isochoric combustion chamber. A detailed description of
their method is found in Higgins and Siebers (2001). They found that the lift-off length
is inversely proportional to the ambient gas temperature and density; and proportional to
orifice pressure drop and diameter.

Lift-off length increases linearly with injection
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velocity and the percent of stoichiometric ambient gas entrained, ζs, has a net dependence
on the orifice diameter of approximately d-0.66. This means that even though the lift-off
length decreases with decreasing orifice diameter, the ratio of entrained ambient air to
fuel increases. The orifice diameter is therefore a very important parameter. Siebers et
al. (2002) added that flame lift-off length is inversely proportional to oxygen
concentration and reported the dependence on ambient gas temperature and density to be
approximately T-3.74 and ρ-0.85 respectively.
Dec and Espey (1995) studied early soot formation in an optical engine and found
that the first soot comes from the fuel-rich premixed burn. PAH formation occurs
volumetrically between 4.5º and 5.0º after SOI, after which the first luminous soot
appears between 5.0º and 6.0º after SOI in the fuel-rich premixed region, where the
temperature is around 1600 K (Dec, 1997). The first soot forms in the regions of the jet
where the fuel vapor breaks down more rapidly and at multiple points simultaneously
with no preference to the location in the jet. Dec and Espey also noticed that the soot
concentration on the inside periphery of the jet, that is inside the diffusion flame, was
larger than the soot at the center of the jet. Other measurements by Dec have also shown
that the soot particles are larger at the leading inside edge of the jet than in the center and
that soot grows as it travels downstream. The fuel that is injected last does not mix well
with the air, creating soot more readily than during the quasi-steady phase of injection
(Dec, 1997).
Dec and Kelly-Zion (2000) studied late soot burnout and found that there is a strong
correlation between changes in the in-cylinder soot burnout and exhaust soot
measurements. They concluded that incomplete soot burnout is a major contributor to

26

exhaust emissions, especially when NOX control measures are in effect (retarded timing
and exhaust gas recirculation (EGR)). Flynn et al. (1999) say that soot is completely
consumed by the diffusion flame envelope while high heat release rates persist. They
also concluded that diesel soot appears to be the result of quenching of late combustion
processes. Two additional possible mechanisms by which soot survives the combustion
process are: 1) wall and/or crevice deposition and subsequent removal and 2) escape of
soot through extinguished regions of the diffusion flame.
Hentschel and Richter (1995) studied EGR effects on soot formation and oxidation in
an optically accessible DI diesel engine using 1-D extinction measurements at 488 and
632.8 nm. Their data showed that a maximum soot mass concentration occurs within a
few CA after ignition and that soot formation is much faster than oxidation. Soot
oxidation occurs in two steps and most is oxidized in the first faster step. 96% of the soot
formed in the diesel flame was oxidized (ratio of fv,max to fv at end of expansion, using
max cylinder volume to calculate fv).
Curran et al. (2001) presented further detail of the chemistry in the flame. They said
that the premixed fuel-rich burn does not produce much water or carbon dioxide. Rather,
it produces primarily carbon monoxide, hydrogen and other hydrocarbons with 2–4
carbon atoms like acetylene and ethylene. The products, with temperatures in the range
1600–1700 K, also contain radicals like vinyl, propargyl (C3H3), allyl (C3H5) and methyl
allyl. These are building blocks of soot. Two major classes of reaction pathways to
aromatics and PAH have been identified. One class consists of acetylene reactions
including Reactions 2.3 to 2.5.
C2H2 + C2H2 → C4H3 + H

(R 2.3)
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C4H3 + C2H2 → C6H5

(R 2.4)

C4H5 + C2H2 → C6H6 + H

(R 2.5)

Reactions 2.4 and 2.5 produce aromatics through cyclization. Further acetylene addition
and other cyclization steps lead to PAH and larger aromatics. It has been suggested (by
Glassman) that the route by which acetylene is consumed is what determines the sooting
tendency of a flame (Smith, 1981).
The other class consists of reactions where resonantly stabilized radicals like
propargyl and allyl are involved. They form aromatics from Reactions 2.6 and 2.7.
C3H3 + C3H3 → C6H5 + H

(R 2.6)

C4H3 + C3H5 → C6H5CH2 + H

(R 2.7)

C6H5CH2 can easily turn into toluene by adding one H atom. Further reactions of radicals
and single ring aromatics lead to PAH.
Based on what has been reviewed, evidence suggests that soot is initially formed in
the rich premixed reaction zone of a diesel jet. If this zone behaves like a premixed
flame, it is possible that fuel reacts to form a basic building block for soot, like acetylene,
followed by PAH, and therefore the initial structure of the fuel is of little consequence as
suggested by Reactions 2.3 and 2.5. If however the fuel produces intermediates of
various types, some of which are more prone to soot than others, like propargyl, then the
initial fuel structure will play a large role in soot formation.
experimental evidence for one or the other of these two alternatives.
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This work will seek

2.4 Particulate reduction in diesel engines
There are three fundamentally different approaches for reducing diesel engine
particulate: 1) change the combustion process through engine design and technology, 2)
change the fuel composition to satisfy other engine emissions requirements while
reducing particulate emissions, and 3) remove particulate from the exhaust after it is
formed. To date, most of the progress in particulate reduction can be attributed to the
first.

This work focuses on the second approach by attempting to identify fuel

composition or structures that affect soot formation. The current industry focus is on the
third approach because the probability of success is highest using current technology. It
is believed that progress in all three areas will eventually be required to meet the
demands of high air quality. The review below will focus primarily on measurements
where fuel composition was used to reduce soot and particulate and what can be learned
from these measurements relative to the effects of fuel composition and structure. Some
reference to engine hardware modifications that have been used to reduce soot and
particulate will also be provided.

2.4.1 Strategies for in-cylinder soot reduction
Haynes and Wagner (1981) list seven ways to reduce soot formation in continuous
spray combustion. 1) Increasing the injection pressure, 2) lean combustion, 3) moderate
swirl, 4) increasing the spray cone angle, 5) gas recirculation, 6) decrease the fuel C/H
ratio, and 7) water injection. These strategies also apply to DI diesel spray combustion
although it is transient or quasi-steady and not steady in nature. Bertoli et al. (1997) also
mentions injection rate shaping, large combustion chambers, cooled EGR and minimized
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oil consumption. These strategies can be argued phenomenologically to decrease the
fuel/air ratio of the rich premixed zone, decrease the temperature of the fuel-rich
premixed zone, increase mixing and soot oxidation, or change the fuel composition.
Technologies used to implement this strategy in diesel engines includes: higher
injection

pressure,

smaller

injection

orifices

(Siebers

and

Higgins,

2001),

electronic/variable injection timing, multiple injections (Choi and Reitz, 1999; Shiozaki
et al. 1998), auxiliary gas injection (Kurtz et al., 2000) and EGR (Hentschel and Richter,
1995).
It is evident from the literature that advances in engine technology during the last two
decades have decreased diesel engine exhaust emissions significantly. Lee et al. (1998)
say that for heavy-duty engines in the United States (not to be extrapolated to light-duty
engines), NOX has been reduced by 64% through engine technology developments alone.
Particulate matter has been reduced by 83%, of which 10% has resulted from reducing
the maximum fuel sulfur content from 0.3% to 0.05%; the remaining 73% is due to
advances in engine technology. They mention higher compression ratios and higher
injection pressures as key technologies.

2.4.2 Fuel properties, structure and composition
One of the primary objectives of engine companies, oil companies and government is
to relate particulate emissions from an engine to an easily measured and identifiable fuel
property, structure or composition. Ignition characteristics for example, are quantified
for engineering purposes by the cetane number, which has been readily correlated to the
easily measured aniline point of a diesel fuel. Some of the fuel properties, which have
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been investigated as related to particulate emissions, are cetane number, fuel density, T90
or T95 boiling point and viscosity. Fuels are often also classified by their structure,
where the amount of aromatics, aliphatics and paraffins are identified, and sometimes
more detailed structures such as single and multiple ring structures are also identified.
Finally, a fuel’s elemental composition such as the C/H ratio and the fuel oxygen content
has been considered in relation to particulate emissions.
None of the fuel properties, structures, or compositions has produced results usable
for correlating particulate emissions as will be reviewed below. While many of these
variables can be expected to affect soot formation, none of them includes all of the vital
parameters that affect both soot formation and oxidation, and thus they all fall short under
certain conditions. Compounding the problem that no single fuel parameter appears to
correlate with established fundamental parameters, such as local equivalence ratio and
flame temperature, is the fact that many of the fuel parameters are interdependent.
Examples are density, aromatics and cetane number. Fuels with high levels of aromatics
have higher density, higher T90 and lower cetane numbers. Density also correlates
highly with viscosity, and fuel H/C ratio (Bertoli et al., 1996).
Interestingly, the shortcomings of each of these variables, and the results which often
appear to be conflicting, can be explained using the conceptual model of diesel
combustion developed by Dec (1997) and by the information which is understood from
fundamental laboratory flame experiments. The following text will review each of the
parameters presented above and the experimental results obtained in terms of Dec’s
conceptual model.
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Engine experiments are often one of two types. The most common type is an exhaust
particulate measurement, where only the end result of the combustion process can be
measured.

Recently, many experiments have been performed in-cylinder, allowing

observation of the soot formation process.

In order to be clear which type of

measurement has been made, the word “soot” will be used to describe in-cylinder
measurements while the word “particulate” will refer to exhaust emission measurements.
Both measurement types are valuable and have advantages, while both also have
disadvantages. Exhaust gas sampling does not give any information on how the end
result came about, and cannot be interpreted in a fundamental way. The in-cylinder
measurements provide more detailed and fundamental information, but often neglect the
oxidation process and the final amount of pollutants surviving the combustion process.
When attempting to determine if a combustion system will meet emission standards, incylinder measurements are normally of little practical value. In-cylinder measurements
also often lack any detailed information on flame lift-off length or liquid length, making
it difficult to connect the results to fundamental physical phenomena in the engine.

2.4.2.1 Fuel properties
Cetane number is one of the most readily available fuel properties and is therefore
often mentioned in particulate and soot measurement studies. Higher cetane numbers
decrease ignition delay, which: 1) reduces the amount of fuel burned in the initial
premixed burn (reducing particulate), 2) most probably decreases the flame lift-off length
and increases the fuel-rich premixed burn equivalence ratio (increasing soot), and 3)
shortens the combustion duration and completes combustion earlier, allowing for
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improved late soot burnout (decreasing particulate). Thus, a change in cetane number
produces mixed results in PM emissions.
Tsurutani et al. (1995), Ullman et al. (1994) and a review article by Lee et al. (1998)
all concluded that cetane number has no clear effect on particulate emissions. Two-color
pyrometry results from Bertoli et al. (1996) showed that aromatic content had a
diminishing effect on soot loading as the cetane number increased, and had essentially no
effect above a cetane number of 58. In the same study, it was seen that an increase in
cetane number of pure paraffins increased the measured soot loading strongly. They also
found higher peak concentrations of acetylene in fuels with higher cetane numbers, which
is thought to be a key species for soot formation. Acetylene was sampled in-cylinder
using a fast sampling valve.
These data are supportive of Dec’s model. The higher cetane number is shown to
increase in-cylinder soot, which is due to a shorter lift-off length and higher equivalence
ratio in the fuel-rich premixed zone where soot is formed. However, the particulate in the
exhaust is not necessarily higher because combustion is completed earlier and oxidation
is increased.
The T90 or T95 temperature is the temperature at which 90% or 95% of the fuel
distillate has vaporized. T90 is normally strongly correlated with fuel molecular weight,
density, and cetane number. A high T90 often correlates with an increase in aromatic
content and a decrease in cetane number. Fuels with a high T90 require more energy to
evaporate, which elongates the liquid length and increases the likelihood of liquid fuel
impingement on in-cylinder surfaces. This would tend to increase exhaust particulate by
prolonging combustion due to poor mixing and reducing oxidation or late soot burnout.
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The decrease in cetane number normally associated with higher T90 produces mixed
results on particulate and theoretically lower in-cylinder soot as discussed above.
Increasing T90 is therefore expected to increase particulate in most cases, but may
decrease particulate if wall wetting does not occur and increased air entrainment causes
less soot to be formed in the fuel-rich premixed zone.
There have been no investigations where T90 has been varied independent of other
fuel parameters such as aromatic content and cetane number. Lee et al. (1998) and
Ullman (1989) concluded that T90 was not correlated with exhaust particulate. Tsurutani
et al. (1995) showed that particulate increased with increasing T90 at moderate loads
(40%), but at higher loads (80%) T90 did not correlate with particulate emissions. The
results from Tsurutani et al. can be explained by speculating that at a moderate load,
increasing T90 moved the liquid length from not impinging on the wall to wall
impingement, while at high load the fuel was always impinging.
Other fuel properties, such as the viscosity and density, have not been the focus of
studies in the literature except as they change dependent upon other parameters. Lee et
al. (1998) concluded that density is not correlated to particulate emissions. According to
Siebers and Higgins (2001), fuel density will have a negligible role in spray penetration
and air entrainment, and viscosity variations typically seen will have no fundamental
effect. This is because spray penetration and liquid evaporation are controlled by the
amount of energy in the entrained air and not by atomization. Since these fuel properties
have only negligible effects on the spray and air entrainment, they are not expected to
affect soot formation and oxidation.
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2.4.2.2 Fuel structure
Numerous studies have been undertaken to investigate the effects of fuel structure on
soot and particulate in diesel engines. The focus of most of the work has been related to
the role of aromatics. The fundamental question of interest to ask is: If there are two
identical reacting jets with the same equivalence ratio in the fuel-rich premixed reaction
zone and the same flame temperature, but one jet is burning more aromatics (or more of
some other type of fuel), will it produce more soot?

However, the question more

commonly asked and answered is: will an increase in fuel aromatic content increase
exhaust particulate? The problem with the latter question is that changes in fuel structure
often change the entire composition of the reacting jet. An engine is typically optimized
for a given fuel, and thus the change in fuel structure changes parameters like the liquid
length, ignition delay, etc., moving them from the optimal design value. Re-optimizing
an engine for a new fuel is a lengthy and costly if not impossible approach to producing a
valid comparison. The challenge is to decouple fuel effects from engine geometry or
engine technology effects.
If the effects were decoupled, the expected effect of fuel structure on soot formation
is currently uncertain. The fuel-rich premixed zone of a typical diesel fuel jet has an
equivalence ratio of about four, according to Dec (1997). It is uncertain whether the
reaction in the fuel-rich premixed zone behaves as a diffusion flame, where fuel structure
is known to effect soot formation, or as a premixed flame, where it is still controversial if
fuel structure is important (see above discussion).
experiments done within the last decade follows.
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A review of several engine

Studies by Ullman (1989) and Ullman et al. (1994) demonstrate the need to produce
similar reacting jets when studying particulate emissions. Initially, Ullman (1989) used
three engines to test the effects of T90, aromatic and sulfur content on PM emissions.
Both aromatic and sulfur content were found to have significant effects on PM emissions.
The later study (Ullman et al., 1994) used a newer engine and found aromatic content and
cetane number to have insignificant effects on PM emission levels. Thus, the effect of
aromatic content on particulate was dependent on the engine technology. Lee et al.
(1998) reviewed previous literature and concluded that aromatics and polyaromatics will
have no effect on an engine already emitting at low particulate levels, but will have a
large effect on engines that are high emitting.
Miyamoto et al. (1994) used mixtures of n-tetradecane and heptamethylnonane as a
base fuel and added one of five aromatic fuels (Table 2.1) to study the effects of
molecular structure. The fuels were used in a DI and in an in-direct injection (IDI)
single-cylinder engine.

Both engine types showed similar results.

Exhaust

measurements showed that particulate emissions increased linearly with the fuel C/H
ratio regardless of the molecular structure for constant ignition delay and overall
equivalence ratio. This result is similar to the diffusion flame results by Olson et al.
(1985) reviewed earlier. The increase in PM emissions was caused by increases in dry
soot. Di-aromatic fuels had a stronger tendency to produce particulate than monoaromatic fuels, because of their higher C/H ratio.
Tsurutani et al. (1995) kept T90 nearly constant and saw that the effect of aromatics
on PM emissions was mono < di- < tri-aromatics. They concluded that the molecular
structure was the cause. Bertoli et al. (1993) also found that particulate was highly
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influenced by di- and tri-aromatics. Later, Bertoli et al. (1996) showed that aromatic
content had a diminishing effect on soot loading as the cetane number increased and had
essentially no effect above a cetane number of 58.
Bryce et al. (1999) saw clear trends of increased soot levels in diffusion flames and in
an IDI engine with increased amounts of aromatic additive. They acknowledged that the
addition of aromatics increased the density and viscosity, which could explain the trend.
They thought the two parameters might increase soot due to changes in injection,
vaporization, and penetration.

The prolonged ignition delay with aromatics would

however be expected to show the opposite trend. Di-aromatics had a greater effect on the
soot formed when the total aromatic content was held constant.

Given these

observations, it was concluded by Bryce et al. (1999) that diffusion flame and IDI engine
experiments showed the same trends with regard to fuel structure and soot formation.
Ladommatos et al. (1997) used heptane with progressively higher proportions of
toluene in a CFR engine (IDI). Holding SOI, start of combustion (SOC) and ignition
delay constant their smoke and particulate measurements showed that total particulate
was constant, but dry soot increased with higher toluene fractions. They concluded that
aromatics affect exhaust emissions substantially, but only because they increase the
ignition delay. This was shown by holding the ignition delay constant with a cetane
booster.
Nakakita et al. (1998) ran three different representative diesel fuels in an optical
single-cylinder diesel engine and measured PM in the exhaust stream. A fuel referred to
as “Class-1” produced more PM than a fuel referred to as “Improved”, although the
“Class-1” fuel had significantly lower distillation temperatures, aromatic content, sulfur
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and density; all parameters, which they expected to produce a PM reduction. Fuel
injection, combustion and heat release differences were negligible, implying that there
was a chemical difference.

The “Class-1” fuel was found to have 50–70% more

branched molecular structures and twice as many naphtenes. A follow-up study by
Takatori et al. (1998) studied isomers of hexane and octane including the ring structure in
a flow reactor (1000–1300 K) and in a shock tube (2000–2500 K). They concluded that
soot formation increases in the order of n-paraffin, 1-branched paraffin, 2-branched
paraffin and cycloparaffin. The same was true for benzene and toluene production during
pyrolysis. They suggest that this is a strong indication that molecular structures other
than aromatics play an important role in soot formation in DI diesel combustion.
In summary, of the studies detailed above, some of the investigations concluded that
increasing aromatic content did not increase particulate, while some concluded that it did.
Interestingly, all that concluded that particulate increased with increasing aromatics did
not hold cetane number or ignition delay constant, while those that claimed no effects for
aromatics did maintain a constant ignition delay. One of those claiming that particulate
did not increase with aromatic content did report that the fuel with additional aromatics
produced more soot, but showed that the additional soot could be accounted for by a
higher C/H ratio of the fuel, which correlated with increased particulate. Therefore, it
appears that the more carefully performed experiments show no correlation between fuel
structure and particulate, although fuel structure is related to fuel composition, which is
related to soot formation. Clearly, there is yet to be any consensus on this issue in the
literature, but if soot formation is insensitive to fuel structure, this would be a strong
indication that the fuel-rich premixed region of a diesel jet could be modeled as a fuel-

38

rich premixed flame and would follow the same trends observed in simpler laboratory
flames.

2.4.2.3 Fuel composition
It is indisputable that fuel composition influences the amount of soot produced in
diesel engine combustion. Pure hydrogen, for example, has no carbon and can therefore
produce no soot. As the ratio of carbon to hydrogen increases, the tendency of a fuel to
soot is expected to increase. It has been clearly established that sulfur in a fuel increases
particulate mass. Sulfur in the fuel is oxidized to SO2, which can combine with unburned
hydrocarbons and become absorbed by neighboring soot particles. Sulfur is now highly
regulated to reduce particulate emissions, and most experiments studying the effect of
fuel composition or fuel structure on soot formation use very low sulfur fuels to eliminate
it as a variable. The oxygen content of fuels is the element most studied for particulate
reduction. Data in the literature clearly show that increasing oxygen content in the fuel
will reduce particulate emissions, and several authors have reported no particulate in the
exhaust from DI engines burning highly oxygenated fuels.
Most experiments performed with oxygenated fuels have had the objective of
identifying the emission characteristics of the fuels relative to diesel fuel for a given
engine, rather than understanding fundamentally the mechanisms of diesel soot
formation. Generally, experiments performed to compare oxygenated fuels to diesel fuel
compare on a basis of equal volumes of fuel injected, and not based on equal heating
values or on equal work output. Since oxygenated fuels have a lower heating value, an
equal volume of oxygenated fuel will produce less work than diesel fuel and therefore
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most results reported overstate the benefit of oxygenates.

From a fundamental

perspective, it would be more valuable to compare in-cylinder soot for different fuels at
an equal oxygen-to-carbon ratio. This requires knowledge of the fuel/air ratio in the fuelrich premixed zone where soot is formed and access to the soot through optical windows
or sampling. Instead, exhaust particulate is typically measured and results are compared
on a basis of the mass fraction of oxygen in the fuel. Several recent experiments are
detailed below followed by a summary and some possible implications of their results.
In most studies, an oxygenated fuel is compared to a base reference fuel. The
oxygenated fuel may be pure, a blend of oxygenates, or blended with the base fuel. The
highest levels of oxygen typically achieved in the fuel are around 30% by mass.
Common reference fuels are low-sulfur diesel fuel or n-tetradecane, while the oxygenated
fuels vary widely. Tables 2.1 and 2.2 summarize the oxygenated and non-oxygenated
fuels used in referenced studies.
Oxygenated fuels with varying molecular structure or functional groups have been
studied for quite some time; only the more recent tests are shown in Table 2.1. Alcohols
have been studied since they have both good emissions and power characteristics, but
unlike most oxygenates they have a low cetane number and require ignition aids. Ethers
have shown some promise although some of them, like dimethyl ether, require fuel
system modifications due to high vapor pressures. Carbonates, esters, acetates and other
fuel types have also been tested.
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Table 2.1. Oxygenated fuels used in engine studies.
Fuel

Structural Formula

Methanol

CH3OH

Molecular
Formula
CH4O

Ethanol
Dimethyl carbonate
(DMC)

C2H5OH
(CH3O)2CO

C2H6O
C3H6O3

Dimethoxy methane
Diethyl ether
Ethylene glycol dimethyl
ether
(monoglyme,
1,2-dimethoxy ethane)

CH3OCH2OCH3
(C2H5)2O
CH3O(CH2)2OCH3

C3H8O2
C4H10O
C4H10O2

Diethyl carbonate
Methyl t-butyl ether
(MTBE)
Propylene glycol methyl
ether acetate
Ethylene glycol mono-nbutyl ether
Ethylene glycol mono-tbutyl ether
Di(ethylene glycol)
dimethyl ether (2methoxyethyl ether,
diglyme)

(C2H5O)2CO
(CH3)3COCH3

C5H10O3
C5H12O

Bryce et al., 1999
Nabi et al., 2000
Cheng et al., 2002
Murayama et al., 1995
Miyamoto et al., 1996
Nabi et al., 2000
Cheng et al., 2002
Cheng et al., 2002
Ullman et al., 1994
Beatrice et al., 1996, 1998
Hallgren & Heywood, 2001
Cheng et al., 2002
Song et al., 2002
Bertoli et al., 1998
Donahue & Foster, 2000

CH3CO2CH(CH3)CH2OCH3

C6H12O3

Hallgren & Heywood, 2001

CH3(CH2)3O(CH2)2OH

C6H14O2

t-C4H9O(CH2)2OH

C6H14O2

Miyamoto et al., 1996, 1998
Nabi et al., 2000
Miyamoto et al., 1996

(CH3OCH2CH2)2O

C6H14O3

Propylene glycol monot-butyl ether
Diethyl maleate

t-C4H9O(CH2)3OH

C7H16O2

Ullman et al., 1994
Beatrice et al., 1996, 1999
Miyamoto et al., 1996, 1998
Bryce et al., 1999
Nabi et al., 2000
Hallgren & Heywood, 2001
Cheng et al., 2002
Song et al., 2002
Kitamura et al., 2003
Miyamoto et al., 1996

C2H5O(CO)CH=CH(CO)OC2
H5
C2H5O2CCH2CH2CO2C2H5
CH3CO2CH2CH2O(CH2)3CH3

C8H12O4

Hallgren & Heywood, 2001

C8H14O4
C8H16O3

Nabi et al., 2000
Miyamoto et al., 1996

CH3(CH2)7OH
(CH3(CH2)3)2O

C8H18O
C8H18O

(C2H5OCH2CH2)2O

C8H18O3

Beatrice et al., 1998
Beatrice et al., 1996, 1998
Miyamoto et al., 1996, 1998
Kitamura et al., 2003
Dec et al., 1991
Espey & Dec, 1993
Beatrice et al., 1996, 1998
Dec, 1997
Kitamura et al., 2003

Diethyl succinate
Ethylene glycol
monobutyl ether acetate
(2-butoxyethyl ether)
Octyl alcohol
Butyl ether
Di(ethylene glycol)
diethyl ether
(2-ethoxyethyl ether)
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Reference

Table 2.1. Continued.
2-ethylhexyl acetate
Pentyl ether
Ethylene glycol di-tbutyl ether
Tri(propylene glycol)
methyl ether
Tetra(ethylene glycol)
dimethyl ether
(tetraglyme)
Tetraethoxypropane

CH3CO2(CH2)4CH(C2H5)CH3
(CH3(CH2)4)2O
(CH3)3CO(CH2)2OC(CH3)3

C10H20O2
C10H22O
C10H22O2

Miyamoto et al., 1996, 1998
Beatrice et al., 1996
Nabi et al., 2000

CH3(OC3H6)3OH

C10H22O4

CH3(OCH2CH2)4OCH3

C10H22O5

Choi & Reitz, 1999
Mueller & Martin, 2002
Hallgren & Heywood, 2001

(C2H5O)2CHCH2CH(OC2H5)2

C11H24O4

Dibutyl maleate

CH3(CH2)3O2CCH=CHCO2(C
H2)3CH3
(CH3(CH2)3O(CH2)2)2O

C12H20O4

Dec & Espey, 1995
Dec, 1997
Musculus et al., 2002
Mueller & Martin, 2002

C12H26O3

Kitamura et al., 2003

Di(ethylene glycol)
dibutyl ether

Table 2.2. Non-oxygenated fuels used in engine studies.
Toluene
n-heptane

See structure below
CH3(CH2)5CH3

C7H8
C7H16

n-octane
Tetralin
Dipentene
Decalin
α-Methyl naphthalene

CH3(CH2)6CH3
See structure below
See structure below
See structure below
See structure below

C8H18
C10H12
C10H16
C10H18
C11H10

Alkyl benzene
n-tetradecane

See structure below
CH3(CH2)12CH3

C13H20
C14H30

n-hexadecane

CH3(CH2)14CH3

C16H34

Heptamethylnonane

(CH3)3CCH2CH(CH3)CH2C(C
H3)2CH2C(CH3)3

C16H34

Diesel fuel #2

Mixture of structures

Varies

Ladommatos et al., 1997
Hentschel & Richter, 1995
Ladommatos et al., 1997
Beatrice et al., 1998
Miyamoto et al., 1994
Miyamoto et al., 1994
Miyamoto et al., 1994
Miyamoto et al., 1994
Ladommatos et al., 1997
Miyamoto et al., 1994
Miyamoto et al., 1994
Beatrice et al., 1996, 1998
Dec et al., 1991
Dec & Espey, 1995
Dec, 1997
Mueller & Martin, 2002
Musculus et al., 2002
Espey & Dec, 1993
Miyamoto et al., 1994
Dec & Espey, 1995
Dec, 1997
Mueller & Martin, 2002
Musculus et al., 2002
Dec et al., 1991
Hentschel & Richter, 1995
Murayama et al., 1995
Musculus et al., 2002
R

Toluene

Tetralin

Dipentene

Decalin
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α-Methyl naphthalene

Alkyl benzene

Studies on oxygenated fuels are described briefly here and some results are shown in
Figure 2.3. While looking at the data in Figure 2.3, it should be remembered that these
data are from several engines and operating conditions and that the reduction is shown as
a percentage and not as an absolute value. Some engines and fuels may have initially
produced several times more soot than others did. Soot reduction might be more readily
achieved in a highly sooting engine than in one that is already relatively clean.

% Reduction (PM, smoke, integrated jet-soot)
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Beatrice et al., 1999
Cheng et al., 2002
Liotta & Montalvo, 1993
Miyamoto et al., 1996
Miyamoto et al., 1996
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Musculus et al., 2002
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Figure 2.3. Reduction of PM, smoke or integrated jet-soot as a function of weightpercent oxygen in the fuel.

Ullman et al. (1994) decoupled the effect of oxygen addition from other fuel
properties by the use of a statistical regression model, which predicted that an increase of
1 weight-percent oxygen would decrease PM by 7% in an engine calibrated for the 1994
emission levels. In their set of seven fuels, oxygen was the variable that explained most
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of the variation in PM. A reduction in fuel sulfur by 100 ppm was predicted to reduce
PM by 5%.
Oxygenated fuels have been shown to be more effective at high engine loads than at
low engine loads (Murayama et al., 1995; Hallgren and Heywood, 2001; Song et al.,
2002; Cheng et al., 2002). At low engine loads, oxygenate addition has been seen to even
increase PM emissions slightly (Cheng et al., 2002). A higher oxygen concentration in
the fuel spray also increases the combustion efficiency and the burn rates, indicated by a
reduction of HC, CO and other exhaust pollutants (Donahue and Foster, 2000; Murayama
et al., 1995) usually resulting in an earlier EOC. Oxygenated fuels typically have much
higher cetane numbers than diesel fuel, but this is not true for all oxygenates.
Liotta and Montalvo (1993) found that ethers were more effective than alcohols at
reducing PM.

Beatrice et al. (1998) found from two-color and sampling valve

measurements that glycol ethers produced less soot than other ethers with the same
oxygen content, but had no explanation. In a study by Miyamoto et al. (1996), 5 or 10
volume-percent of eight oxygenated fuels was added to two conventional diesel fuels in a
single cylinder DI diesel engine. Two-color images and exhaust sampling showed that
PM decreased linearly with increased oxygen content in the fuel, almost regardless of the
kind of oxygenated agent. The decrease was more significant for fuels with lower
volatility. Miyamoto et al. (1998) measured exhaust emissions from two single-cylinder
DI diesel engines. They burned four oxygenates, either pure or as additives to diesel fuel.
Smoke emissions dropped to zero at an oxygen content of about 30 weight-percent and a
brake mean effective pressure (BMEP) of 0.75 MPa. Pure diglyme produced no smoke at
a BMEP of 0.83 MPa. Particulate reduction was related to oxygen content and not to fuel
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type. Hallgren and Heywood (2001) added oxygenated agents to an ultra-low sulfur
diesel fuel in a DI diesel engine. Oxygenated fuels decreased the particle volume fraction
(soot mass), but not the total number of particles emitted. The reduction depended on the
weight-percent oxygen and oxygen containing functional group.

Comparisons were

made at both constant rate of heat release and equivalence ratio. When comparing at the
same overall cylinder equivalence ratio instead of engine load, they found that
oxygenated fuels had about the same or slightly higher particulate emissions.
Beatrice et al. (1998) compared four oxygenated fuels (Table 2.1) to n-tetradecane
and n-octane in a DI single-cylinder engine. They found from a heat release analysis that
the carbon dioxide formation rate and the heat release rate increased as the fuel oxygen
content increased. Using a sampling valve and two-color pyrometry they found that the
acetylene concentration in the spray, which is a function of cetane number and oxygen
concentration, decreased with increased fuel oxygen content at the same cetane number.
Beatrice et al. (1998) also found that glycol ethers produced less soot than other ethers
with the same oxygen content.
Two-color measurements in a DI diesel engine by Donahue and Foster (2000) showed
that higher oxygen concentrations in the spray (from oxygen enriched air or oxygenated
fuel) reduced pyrolysis and increased oxidation, shortening the combustion duration.
Nabi et al. (2000) showed that at high EGR, the oxygenated fuel combustion is completed
earlier resulting in a higher degree of isochoric (constant volume) combustion or a higher
thermal efficiency.
Mueller and Martin (2002) compared two oxygenated fuels to a non-oxygenated fuel
in a DI optical engine. The oxygenated fuels had the same oxygen content but different
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structures. Combustion phasing, ignition delay and adiabatic flame temperatures were
matched. Flame luminosity was used to compare soot content. Spatially integrated
luminosity was twice as high for dibutyl maleate compared to tri(propylene glycol)
methyl ether indicating that fuel structure does play a role.
Bryce et al. (1999) saw a clear decrease in emissions when oxygenated fuels like
methanol and diglyme were used. They concluded that fuel composition effects caused
their results because density and ignition delay changes in the fuels would be expected to
produce the opposite trend. They commented that lower viscosity might account for a
decrease in particulate emissions as would lower heating value and lower C/H ratio.
They also say that the decrease in particulate may have also been the result of a reduction
in total carbon injected since fuel mass flow was constant.
Hallgren and Heywood (2001) found that the reduction of particulate was logarithmic
with increasing weight-percent oxygen or that a diminishing return of the PM reduction
was seen as weight-percent oxygen increased. Song et al. (2002) added a 20/80 mixture
of monoglyme and diglyme to low-sulfur diesel fuel in a turbocharged DI diesel engine.
A linear reduction of PM with increased oxygen content was not seen, rather there was a
trend of diminishing returns. Diminishing returns was also seen in exhaust measurements
by Beatrice et al. (1999) who used a commercial DI diesel engine with pilot-injection and
burned Finnish summer-grade diesel fuel and three blends of the diesel fuel and diglyme
(10, 20, 30 volume-percent). Nabi et al. (2000) used di(ethylene glycol) dimethyl ether
as a base fuel and added five oxygenated fuels (Table 2.1) in a single cylinder DI diesel
engine. Exhaust measurements showed that smoke decreased linearly with increases in
oxygen content and disappeared when the oxygen content was 38 weight-percent or
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higher. A nearly linear smoke reduction as fuel oxygen content increased was seen in a
DI engine by Murayama et al. (1995).
Musculus et al. (2002) measured in-cylinder soot in a heavy-duty DI engine from two
commercial diesel fuels and oxygenated paraffinic fuel blends using line-of-sight
extinction. Their results showed that the commercial diesel fuels sooted more than the
non-oxygenated paraffinic fuel blend at similar oxygen entrainment rates, indicating that
the molecular structure made the difference. A linear extrapolation suggested that for
oxygenated paraffinic fuels, no soot would form when the fuel atomic O/C ratio exceeds
0.4 or about 30 weight-percent.
As can be seen in the numerous experiments on oxygenated fuels, as with nonoxygenated fuels, the role of fuel structure on soot formation is still unclear. Several data
(Miyamoto 1996, 1998 and Nabi et al. 2000) indicate that soot or particulate decreases
linearly with an increasing weight-percent of fuel oxygen regardless of the fuel used
while others (Liotta and Montalvo, 1993; Beatrice et al., 1998; Hallgren and Heywood,
2001; and Mueller and Martin, 2002) show differences in soot or particulate reduction for
different fuel structures.
The apparent linearity of soot with fuel weight-percent is interesting because this
parameter would appear to be a flawed for two reasons: 1) fuel oxygen does not account
for entrained oxygen in the mixture, and 2) the required oxygen to burn the fuel should be
related to molar quantities for oxygen and fuel not mass. Mueller et al. (2003) discusses
several parameters often used to describe the stoichiometry of flames including:
equivalence ratio (φ), oxygen to carbon ratio (O/C molar), oxygen mass fraction (YO),
and oxygen ratio (Ω). Not included by Mueller et al. (2003), but included by others is
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CO equivalence ratio (ψ). Mueller et al. (2003) argues that oxygen ratio would be the
most likely to correlate with soot formation.
Oxygen ratio is defined as the ratio of available moles of oxygen in a reactant mixture
divided by the moles of oxygen required to oxidize the reactant mixture to CO2 and H2O.
Stable oxygen such as the oxygen in H2O is not included in the reactant mixture or
products.

The CO equivalence ratio (ψ) is the (F/A)/(F/A)s ratio assuming the

stoichiometric products are CO and H2O, as presented by Glassman (1996). Mueller
argues that soot should be related to the oxygen available and the oxygen required and
that other definitions distort this relationship. In this work we will investigate the ability
of numerous stoichiometry indicators to correlate with the onset of soot.
The addition of oxygen to the fuel may also affect other engine parameters related to
soot formation, aside from the local equivalence ratio in the premixed reaction zone. Incylinder two-color measurements show that increased oxygen levels increase the
maximum temperature during combustion, which reduced the soot loading (Beatrice et
al., 1996). Miyamoto et al. (1996) also used two-color pyrometry to study the effects of
oxygenated fuel on in-cylinder soot and temperature, and found that the flame
temperature distribution was nearly unchanged while the soot concentration decreased.
Isochoric combustion chamber images of diesel/dimethyl carbonate blends (0–20
volume-percent DMC) revealed significantly reduced luminosity and shorter luminosity
duration for oxygenated blends (Murayama et al., 1995).
Oxygenated fuels also appear to have an effect on particulate morphology. Song et
al. (2002) added a 20/80 mixture of monoglyme and diglyme to low-sulfur diesel fuel in a
turbo charged DI diesel engine. They showed that the operating condition changed the
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morphology. At high speed and load, the aggregates were large, consisting of relatively
small primary particles, whereas at idle, the aggregates were smaller, consisting of larger
primary particles.

This was attributed to more unburned hydrocarbons (UHC)

condensation at idle. Also, oxygenated fuels produced smaller particles at idle, which
was explained as being produced by less UHC condensation on the particles at idle, but
no appreciable difference was seen at high speed and load.
Recent modeling efforts with detailed chemical kinetics match engine results fairly
well and give some added insight. Calculations by Flynn et al. (1999) indicate that the
potential for particulate precursor formation disappears almost completely at an oxygento-fuel mass ratio of 25%. Kinetic modeling of methanol as an additive to n-heptane
showed reduced concentrations of ignition products like acetylene, ethylene, 1,3butadiene and propargyl and vinyl radicals.

These species have been shown to be

responsible for formation of aromatics and poly-aromatics, which lead to soot (Curran et
al., 2001). It has been argued from reaction rates and bond strengths that methanol
cannot produce significant levels of unsaturated hydrocarbons because it does not have
any carbon-carbon bonds.
Modeling of heptane by Curran et al. (2001) showed that the production of soot
precursors drops to an insignificant level when the equivalence ratio is below two in the
fuel/air mixture. This is equivalent to about 30–40 weight-percent oxygen in the fuel. At
an equivalence ratio of four, the model shows that about 20% of the fuel carbon is
converted to soot precursors. The model also indicates that carbon atoms bonded to
oxygen atoms in the fuel cannot supply soot precursors. However, Cheng et al. (2002)
traced carbon isotopes from ethanol and showed that carbon from ethanol contributes to
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soot formation, but is about 50% less likely to do so than carbon from diesel fuel.
Numerical modeling showed that oxygenate addition reduces soot precursor production
in the fuel-rich premixed zone. This happens because of an increased concentration of O,
OH and HCO, which promotes oxidation to CO and CO2. Increased concentrations of
OH in the post-premixed flame region also suppress soot particle inception by oxidizing
aromatics and limiting PAH growth. Cheng et al. (2002) said that it is the altered
combustion chemistry that is the major factor for PM reduction. The O/C ratio of the
fuel/air mixture was found to correlate well with an oxygenated fuel’s ability to reduce
soot.

Cheng et al. (2002) also added four types of oxygenates to diesel fuel in a

Cummins B5.9 DI diesel engine.

Dimethoxymethane was less effective than other

oxygenates, although it has no C-C bonds and the other fuels do.
The conclusion from what has been reviewed above is that a fundamental
understanding of the effects of molecular structure on soot formation in DI diesel
combustion is still lacking. Based on the available information that soot is formed in the
fuel-rich premixed zone of the jet, it seems reasonable to classify it as a premixed flame.
Four parameters emerge as most critical for controlling soot formation in “diesel”
combustion: 1) the lift-off length or entrained oxygen, 2) the mass fraction of oxygen in
the fuel, 3) the number of C-C bonds in the fuel and 4) the temperature of the soot
formation region. The first two parameters control the local equivalence ratio in the fuelrich premixed zone and appear to influence soot formation the most. Both have been
shown experimentally to be important, but no useful engineering correlations have been
developed. It is unclear if oxygen from entrained air is more effective at suppressing soot
than fuel bound oxygen or vice versa. The latter two parameters (the number of C-C
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bonds and the reaction zone temperature) are known to be important in laboratorypremixed flames, but have not been demonstrated to be important in reacting diesel jets.
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3 OBJECTIVES
The primary objective of this work is to determine if the molecular structure or
composition of fuel affects soot formation in direct-injection (DI) diesel combustion and
if the source of oxygen plays a role. A secondary objective is to compare the emission
and absorption measurement methods in their ability to measure optical thickness in a
reacting diesel jet. This will be accomplished by the following activities.
1. Complete the construction of a constant volume combustion vessel with
instrumentation and data acquisition capable of repeatable injection events from a
single orifice injector nozzle at representative diesel conditions.
2. Measure the transmittance of laser light through a reacting fuel jet to determine the
existence and approximate magnitude of soot. This is to be done under controlled
temperature, pressure, and lift-off length so that fuel mixtures can be compared at
equivalent conditions relative to soot formation.
3. Identify and collect transmittance data for a systematic variation of fuels including
straight chain (paraffinic fuels), cyclic single ring fuels, and cyclic fuels containing
double bonds (aromatic fuels).
4. Develop a technique for calibrating an RGB digital camera and demonstrate the
feasibility of using such a camera for two-color band pyrometry on diesel jets.
5. Compare the results of the two-color band method with extinction measurements.
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4 METHOD
Achieving the stated objectives requires the following: 1) a facility to contain and
observe a diesel combustion event; 2) a repeatable combustion event representative of
diesel engine conditions; 3) an ability to estimate the amount of air entrained for each
fuel; 4) the selection of appropriate fuels; 5) instrumentation to record combustion and
optical measurements; 6) a method for the measurement of optical thickness; and 7) a
method for calibrating and processing two-color band measurements. Each topic is
addressed in the following sections.

4.1 Constant volume combustion chamber facility
A constant volume combustion chamber is an excellent apparatus for the study of
soot formation in diesel-like jets. The combustion chamber shown in Figures 4.1 and 4.2
was used for the measurements and it is described in detail in Svensson (1999). It is
capable of simulating the environment (pressure, temperature and oxygen concentration)
in a diesel engine at the time of fuel injection. After filling the chamber to the desired
density with a premixed mixture of fuel and oxidizer, the mixture is burned to produce
the desired temperature and pressure. The products of this initial premixed burn, which
occurs prior to fuel injection, can be tailored to produce a wider range of pressures,
temperatures and oxygen concentrations than is possible in a commercial diesel engine.
As seen in Figure 4.1, the combustion chamber consists of a stainless steel cylinder,
254 mm (10 inches) in diameter and 254 mm (10 inches) long. Three 76.2 mm (3 inches)
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diameter holes are drilled along three perpendicular axes creating a nearly cubical
combustion chamber with a volume of approximately 0.5 dm3. Sapphire windows are
placed in three of the holes for optical access, the HEUI fuel injector, mixing fan and a
window blank occupy the other three. Additionally, there are four access ports in the
upper corners. They hold a pressure transducer, spark plug, intake/exhaust valve and a
K-type thermocouple. Eight 500 W cartridge heaters heat the inside of the cylinder to
about 400 K to simulate engine wall temperatures and to avoid condensation on the
windows. A newly designed mixing fan is mounted in the center of a window blank to
provide a relatively uniform temperature distribution in the chamber. It provides better
mixing, which improves the repeatability of the premixed gas mixture burn.

Figure 4.1. Photograph of the constant volume combustion chamber.
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Figure 4.2 shows a scale cross-section schematic of the vessel along the line-of-sight.
Fuel injector

Combustion
vessel

Window holder

Sapphire
window

Steel
window

Mixing fan
Figure 4.2. Schematic of combustion vessel cross-section.

The temperature distribution in the combustion chamber was measured at
atmospheric pressure and operating temperature with and without the mixing fan running.
Temperatures were measured with a K-type thermocouple on a 3-D grid where the grid
size was 10 mm. The temperatures of the chamber center slice are shown in degrees
Celsius in Figure 4.3 without the mixing fan and in Figure 4.4 with the fan on. The
temperatures have been adjusted for radiation and convection heat transfer effects on the
thermocouple.
When the fan is not running, there is a natural convection current in the counter
clockwise direction causing warmer air to rise on the right side, and there a is 20+ K
temperature difference from the bottom to the top surfaces. The reason for the cool top
surface is that the injector is kept cool by circulating fuel.
When the mixing fan is running the largest temperature difference between the
bottom and top surfaces decreases to approximately 8 K. The mixing fan induces a
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Figure 4.3. Center slice of temperature distribution in the combustion chamber without
the mixing fan.

Figure 4.4. Center slice of temperature distribution in the combustion chamber with the
mixing fan.
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toroidal flow pattern as indicated by the arrows.

While this does not show the

temperature distribution at the time of injection, it indicates that the mixing fan helps
significantly. It also reduces the burn time of the initial gas charge from ~ 0.75 to ~ 0.2
seconds.
The original HEUI fuel injector is described in Glassey et al. (1993), Hower et al.
(1993), and Stockner et al. (1993). The injector used here was modified in two ways.
First, pilot-injection was disabled by replacing the plunger and barrel assembly so that
there is only a main fuel injection. Second, the regular seven-hole nozzle has been
replaced by a custom made single-orifice nozzle, where the fuel jet is aimed down at 10
degrees from the vertical axis.
A combustion event proceeded as follows. The heated combustion chamber was
filled to a set density with a gas mixture consisting of 3.00% acetylene, 0.50% hydrogen,
68.11% nitrogen and the balance oxygen (Siebers et al., 2002). This mixture was then
ignited by a spark plug. The mixing fan was used to minimize temperature gradients and
to decrease the premixed burn period.

The gas mixture burned quickly, leaving

combustion products which closely simulate air (21% O2). As the simulated air cooled,
fuel was injected when the target conditions were reached. A typical pressure history of
the process is shown in Figure 4.5. Time zero marks start of injection. The initial
premixed burn is seen to begin approximately 400 ms before injection and lasts about 180
ms. The pressure then drops slowly as heat transfers from the chamber. The injected fuel
is seen to burn in the second but smaller pressure spike before heat again transfers and
cools the combustion chamber. The injection conditions used were a 10 ms injection into

59

simulated air at 1000 K and 16.6 kg/m3. The combustion chamber was designed to hold
pressures up to 140 atm.

Cooling period

Chamber Pressure

Premixed burn period

100
-0.4

Fuel injection

-0.3

-0.2

-0.1

0

0.1

Time ASOI (s)

Figure 4.5. Typical pressure versus time curve for a combustion event.

4.1.1 Nozzle characteristics
A CAD drawing of the single orifice nozzle used for all experiments is shown in
Figure 4.6. To verify the internal geometry after machining the nozzle, a silicon mold
was created of the entire internal nozzle geometry as described by Macian et al. (2003).
Low-viscosity polyvinylsiloxane was the molding material.

Polyvinylsiloxane is

normally used by dentists to create molds of dental features and is therefore capable of
accurately reproducing geometrical features as small as 2 µm, and it holds the shape
indefinitely.

It can also stretch as much as 300% without causing permanent
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deformations. The mold was then measured in a microscope. The orifice was conical
with the exit having a smaller diameter of 0.259 mm (0.010 inches) and a conicity factor,
k = 4.4 and area reduction, AR = 27.9% as defined by Macian et al. (2003) (k = 100 (dido)/L; AR = 100 (Ai-Ao)/Ai).
The nozzle was then characterized by measuring its flow coefficients and spray
angles using number 2 diesel fuel. The flow coefficients were measured at various
injection pressures and the spray angles at various injection pressures and ambient
densities as described by Naber and Siebers (1996) and Siebers (1999).

Figure 4.6. CAD drawing of the single-orifice nozzle.
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The discharge coefficient, Cd, was found by first measuring the total mass of fuel
injected for 50 or more injections and finding the mass injected per injection (minj).
Injection duration (tinj) was measured by injecting fuel on a pressure transducer that was
positioned perpendicularly to the jet about 2–3 mm from the orifice exit. By knowing
these two variables, the exit diameter (do), fuel density (ρf) and orifice pressure drop
(∆P), Cd can be calculated as shown in Equation 4.1.
Cd =

4 ⋅ m inj
(4.1)

t inj π d o2 2 ⋅ ρ f ∆P

The momentum flux or force (F) of the fuel jet was likewise measured by injecting
onto the pressure transducer, calibrated for force. The area contraction coefficient, Ca,
was then found according to Equation 4.2 (Siebers, 1999).
Ca =

π C d2 d o2 ∆P
2⋅F

(4.2)

The velocity coefficient was then found by the relationship Cd = CaCv. The three
flow coefficients and their time dependence are shown in Figure 4.7 for the injection
pressure of 140 MPa used in this study.
Spray cone angles were measured using the Schlieren technique with an iris as the
knife edge. Injection pressures from about 48–145 MPa (7,000–21,000 psi) were used
with densities ranging from 1–85 kg/m3. The injection pressure was estimated from the
oil pressure in an accumulator used to drive the injector. The injector uses a plunger with
an area ratio of 7.3 to intensify the pressure.

However, the pressure ratio is

approximately 7, as confirmed by valve opening pressure tests. Each injection event was
captured with a high speed digital video camera at 1000 frames/s, and individual images
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were then processed in MATLAB to find the spray cone angle numerically using
Equation 4.3 (Siebers, 1999).
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Figure 4.7. Nozzle flow coefficients at 140 MPa orifice pressure drop versus time.

⎛ A
θ
= tan −1 ⎜⎜ 2 x 2
2
⎝ x 2 − x1

⎞
⎟⎟
⎠

(4.3)

θ/2 is the spray half angle, x1 and x2 are the axial distances corresponding to about 5%
and 60% of the penetration length, and Ax is the black area in the image between
distances x1 and x2. An example image is shown in Figure 4.8, where the injection
condition is the same as during the study in terms of injection pressure and density.
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Figure 4.8. Schlieren image of a diesel fuel jet. Ambient density = 16.6 kg/m3, oil
pressure = 21 MPa (3000 psi).

A relationship between spray cone angle and combustion chamber density was
developed by curve fitting the data in the density range 10–85 kg/m3 (lower densities
were omitted). The result given in Equation 4.4 is valid for the oil pressure of 21 MPa
(3000 psi) used in this work and it is valid for non-reacting sprays or up to the flame liftoff length. ρa is the density of the ambient gas and ρf is the fuel density.

⎛ρ
tan (θ 2) = 0.3173 ⋅ ⎜⎜ a
⎝ ρf

⎞
⎟⎟
⎠

0.1017

(4.4)

Spray penetration was also measured using two laser beams.

The measured

penetration agrees with the spray correlation of Naber and Siebers (1996) within 10%
(these data has approximately 10% longer penetration than the correlation). This is
within the uncertainty of the model which was developed primarily from non-vaporizing
spray data.

4.2 Fuel selection

The fuels used in this study are listed in Table 4.1. The purity was 99% or higher.
Dimethoxymethane (DMM) was selected as a non-sooting base fuel which contained no
carbon-carbon bonds and produced no soot when burned under diesel engine conditions.
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Other hydrocarbon fuels of selected structure and composition were then added to the
DMM to compare their sooting characteristics. None of the additives contained oxygen,
thus decreasing the O/C ratio of the fuel mixture as more additive was added. The
additive fuels investigated were n-heptane, undecane, toluene, number 2 diesel and
cyclohexane. N-heptane and undecane are straight chain hydrocarbons (alkanes) with 6
and 10 single C-C bonds, respectively. Toluene is a single ring aromatic with a methyl
group attached and has 10 C-C bonds, some of them double bonds. This was done to
match the number of C-C bonds in the undecane. Cyclohexane is a single saturated ring
with 6 C-C bonds and no double carbon bonds. The number of C-C bonds matches that
of n-heptane, but again the fuel structure is different. Number 2 diesel fuel was used as a
reference and is composed of a mixture of mainly paraffins, olefins and aromatics, and it
contains some sulfur. The empirical formula for diesel fuel was based on CHNS analysis
and a typical average molecular weight. The average number of C-C bonds per molecule
is unknown, but based on the empirical formula a value of 15.5 was used in the analysis.
The diesel fuel does however contain numerous compounds having perhaps 6 to more
than 20 C-C bonds per molecule. Cetane number and/or auto ignition temperature are
listed as well, since they are related to ignition delay. All fuels except toluene have
similar values that are close to typical number 2 diesel fuel. Toluene was seen to have a
longer ignition delay in the study as expected from the auto ignition temperature.
Some of these fuels have poor lubricity, and therefore some of the cyclohexane and
n-heptane fuel mixtures had Lubrizol added to help keep the needle in the injector nozzle
lubricated. The concentration was ~ 0.05%, which is not expected to affect the results.
The preparation of the fuel mixtures is described in Appendix E.
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Table 4.1. Fuels used in this study.
Fuel

Formula

Dimethoxymethane

Cetane
Auto Ignition
Number Temperature (K)

Structure

C3H8O3

50

510

C7H8

N/A

753

Undecane

C11H24

N/A

475

#2 Diesel

C14H25

~ 54

N/A

n-heptane

C7H16

55

477

Cyclohexane

C6H12

N/A

518

Toluene

Mixture

Table 4.2 shows the actual test matrix. An “x” indicates that extinction data were
taken; “i” indicates that images were taken, and “l” indicates that lift-off length images
were taken. Images were not obtained of the initial fuels tested.

Table 4.2. Fuel mixture test matrix.
Volume-%
additive
0
1
3
5
10
15
20
25
30
35
40
45
50
55
75
100

n-heptane

Undecane

Toluene

Diesel

Cyclohexane

x
−
−
x
x
x
x
x
x
x
x
x
x
−
x, i
x, i

−
−
−
x, i
−
x
−
x
x
x
x
x
−
−
−
x, i

−
−
−
x
x
x
x
x
−
−
x
−
−
x
−
−

x, i, l
x, i, l
x, i, l
x, i
x, i
x, i
−
x, i
−
x, i
−
−
x, i, l
−
−
i

−
−
−
−
x, i, l
x, i, l
x, i, l
x, i, l
x, i, l
x, i, l
−
−
x, i, l
−
−
x, i, l
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4.3 Air entrainment estimation

The lift-off length controls the amount of air (oxygen) entrainment into the jet and is
therefore a critical parameter for soot formation. Lift-off length is dependent upon flame
speed, thermal diffusivity, stoichiometry, injection velocity, and nozzle diameter. Small
additions of the test fuels to DMM are not expected to produce large changes in the liftoff length as the DMM will still be the dominant contributor to the flame speed and other
parameters listed above. Furthermore, comparing two fuels of the same percentage of
DMM would also be expected to produce comparatively little difference in the lift-off
length. To test the validity of these assumptions, the lift-off length of several fuel
mixtures were measured. The RGB, CCD camera (described later) was used to take liftoff length images, but was not ideally suited for lift-off length measurements and were
not available for all measurements as indicated in Table 4.2, but the data obtained were
sufficient to demonstrate the limits of changes in the lift-off length for the different fuel
mixtures.
A technique for measuring flame lift-off length was developed and described by
Higgins and Siebers (2001). They used a narrow band-pass filter at 310 nm to image the
OH radicals known to be present in a flame. To get a good measurement of the average
lift-off length they used exposure times of a few milliseconds. Then they plotted filtered
luminosity as a function of axial location on a semi-log plot and looked for a “knee” or
sudden change in the slope. OH is present 100% of the time at the knee, but since the
lift-off length is unsteady and they wanted the average lift-off length, they picked the
distance corresponding to half the intensity at the knee as the lift-off length. They also
showed that the location of the initial rise in intensity using a short-pass filter (380–
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450 nm) coincides with the lift-off length. Pickett and Siebers (2004) used a 450 nm
short-pass filter to measure lift-off lengths in non-sooting jets.
For the lift-off length images taken in this work, the exposure time was set to 4 ms to
get a good average measurement. The start of exposure was set to the same start of
exposure as the two-color images, typically 1.6–1.8 ms ASOI, or when the jet had
reached the bottom of the chamber. A 450 nm short-pass filter (CVI #SPF-450-2X2) was
used in combination with an opaque mask, which blocked much of the incandescent light
emitted by soot from the down stream portion of the jet.
Figure 4.9 shows two images of pure DMM. On the left is a lift-off length image
taken with the 450 nm short-pass filter and on the right is a two-color image. It is
difficult to determine where the luminosity begins and where light is emitted due to
scattering from the liquid spray in the left image.

In the image on the right, the

distinction between light emission and scattering from the spray is clearer. Another
feature seen in the right image is a change in the spray’s cone angle. The angle change is
assumed to be caused by heat release from reacting fuel which expands the gas within the
jet. To help locate where the jet expands, the edge detection algorithm described in
Appendix B was used on the blue channel for both types of images. The edge is shown
as the red line enveloping the flame. The dashed line indicates the location of the angle
change and has been assigned the lift-off length for this image.
The edge detection algorithm can distinguish between the liquid and the flame in nonsooting two-color images, because of the change in luminosity, which coincides with the
angle change. In the sooting lift-off length images of pure fuels, the algorithm includes
the liquid core of the jet, but the angle becomes evident from the contour plot.

68

As seen in Figure 4.9, the angle change was more obvious in the two-color image, but
when the fuel is changed as shown in Figure 4.10 the opposite is now true and the image
where short-pass filtering was used is better. This is because the fuel used in Figure 4.10
is producing soot so much brighter than the emission from combustion products that the
emission appears only as a dark region. The short-pass filtering used in the left image
shows luminosity closer to the nozzle than the soot luminosity. It should be noted that
the appearance of the soot in this case is very close to the lift-off length. The angle
change can be used in this case to distinguish between the liquid jet scattering light and
light emission from chemical reactions at the lift-off length. The angle change is most
easily found by looking at a contour plot of the lift-off length image intensity, as is shown
to the left. Looking at the contour plot, two arrows point to locations where the contour
lines indicate expansion of the jet. The contour lines on the left side of the liquid core
indicate jet expansion further upstream than the contour line on the right. This was a
common occurrence. Therefore, the average was chosen as a representative lift-off
length.
After the lift-off length has been identified, the amount of air entrained into the jet at
the lift-off length can be calculated using correlations developed by Naber and Siebers
(1996). The lift-off length measurement is the basis for the calculations of stoichiometry
related parameters such as equivalence ratio etc.
The percent of stoichiometric ambient gas entrained, ζs, can be calculated using
Equations 4.5 and 4.6 (Siebers et al., 2002).

(

⎛ 1 + 16 ⋅ H / x +
⎜
ζ s (% ) = 100 ⋅ ⎜
2 ⋅ fs
⎜
⎝

)

2

− 1 ⎞⎟
⎟⎟
⎠
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(4.5)

Figure 4.9. Images of pure dimethoxymethane injected into 1000 K and 16.6 kg/m3.
Left: Lift-off length image. Right: Two-color image.

Figure 4.10. Images of pure cyclohexane injected into 1000 K and 16.6 kg/m3. Left:
Contour plot of lift-off length image. Middle: Lift-off length image. Right: Two-color
image.

H is the lift-off length, fs is the mass based stoichiometric air/fuel ratio and x+ is a
characteristic length defined by Equation 4.6.
x+ =

Ca ⋅ d
ρf
ρ a a ⋅ tan (θ 2)

(4.6)
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ρf and ρa are the injected fuel and ambient gas densities respectively, Ca is the orifice area
contraction coefficient, d is the orifice diameter, a is a constant value of 0.75, and
tan(θ/2) is found from Equation 4.4 shown earlier.

4.4 Experimental setup

Soot concentration in the reacting jet was quantified by using two complimentary
optical techniques: extinction and emission.

Temporal line-of-sight extinction

measurements were used to measure optical thickness, and 2-D, two-color images were
taken to determine flame temperature and optical thickness.

The extinction

measurements were taken at four axial locations in the jet to get a spatial distribution of
the optical thickness. The two-color images were typically taken when the leading edge
of the jet was near the bottom of the combustion chamber. Image analysis for calculating
temperature and soot concentration, as well as false coloring was done in MATLAB (See
Appendix B). Total luminosity from the images was also extracted and compared to the
extinction and two-color methods for determining total soot levels within the jet.
A top view of the optical setup is shown in Figure 4.11. Two lasers, one to measure
start of injection (SOI) and a second to measure extinction, were used. The SOI laser
beam travels straight through the chamber, just below the nozzle exit. The extinction
laser beam is reflected by a first-surface mirror through the chamber, slightly off the
window surface normal, traverses the chamber and the fuel jet, and is then reflected by a
second first-surface mirror onto a photodiode. The slight angle was used to minimize
signal fluctuations believed to be caused by constructive/destructive interference in the
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sapphire window. Both photodiodes have a diffuser and narrow band-pass filter in front
to improve the signal-to-noise ratio.

Fuel injector

Combustion vessel

Radiation shield

Diffuser and photodiode
SOI laser

Mirror

Narrow band-pass
filter, diffuser, and
photodiode

Mirror

Iris, narrow band-pass
filter, diffuser, and
photodiode
750 nm short-pass filter
CCD Camera

Extinction laser

Figure 4.11. Schematic of experimental setup (top view).

A convex lens was used on the extinction laser beam for lower sooting flames to
focus the laser beam through the center of an iris. The iris reduced radiative emission
from the flame to the detector. The lens lessened the effect of beam steering, but
increased the amount of radiative emission passing through the iris. For highly sooting
flames the signal-to-noise ratio was improved by removing the lens.
The diffuser/photodiode assembly shown to the right of the combustion vessel
detected natural luminosity during each combustion event. Its gain was set high and it
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was used to detect start of combustion. The detector was saturated for most of the
combustion event.
The two-color images were taken from an angle perpendicular to the laser beams. A
750 nm short-pass filter was always used to block IR signals, and often used in
combination with neutral density filters to reduce signal intensity.
Figure 4.12 shows a cross-section schematic of the combustion chamber as seen from
the camera position. Here, the radiation shield is shown in more detail. The beam
apertures were approximately 5x5 mm, which substantially reduces flame emission and
yet allow for beam steering, which occurs due to density gradients in the reacting jet.

Radiation shield
SOI laser beam

Extinction laser beam

Photo diode,
diffuser and narrow
band-pass filter

Figure 4.12. Schematic of cross-section of experimental setup (camera view).

4.4.1 Extinction measurement
A 4 mW HeNe laser (543.5 nm) was used for all extinction measurements in
combination with a photodiode.

The setup was first tested by measuring the

transmittance of a series of neutral density filters (50%, 30%, 10%, 1% and 0.1%). The
measurements agreed with the published filter transmittance values. The photodiode was
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a UDT PIN-25D used in photoconductive mode. Photoconductive mode was chosen
since it provides faster response time, linear response and allows for a wider range of
light intensity to be measured. A LabVIEW program (described in Appendix C) was
used to record the extinction signal. The electronic circuit noise was measured to be
about 25 mV, or less than ~ 0.6% of the 100% transmittance voltage (defined below).
The flame radiation was reduced by the radiation shield and an attempt was made to
account for the signal produced by radiation. Before data were taken at a new axial beam
location, the radiation signal was measured by collecting signals from a combustion event
where the laser beam was blocked. The level of radiation noise was kept below about
30 mV, or less than 0.8%.
The 0% transmittance voltage was recorded for 1 second at 10 kHz and averaged just
prior to each event by blocking the laser beam. The 100% transmittance voltage was
measured during the time period between the start of injection signal sent from LabVIEW
to the injector and the actual start of injection as detected by the laser.
When converting from voltage to transmittance, any voltage below the 0%
transmittance voltage was replaced by the 0% voltage and any voltage above the 100%
voltage was replaced by the 100% voltage, thus forcing the transmittance to fall in the
range of 0–1. Since a transmittance of zero yields an infinite κλL value mathematically,
any zero-transmittance was arbitrarily set to be κλL = 10. When the data are processed,
any data point with a value of 10 is then assigned the value just prior in time. This gives
a better average signal value. Although κλL values above 6 were measured, the noise
discussed in this section and the noise from fluctuation in beam intensity limits the
resolution to values lower than κλL = 4 or a transmittance of 1.8%.
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4.4.2 RGB, CCD camera
An RGB, CCD camera was used to image the reacting jets. It is a commercial UNIQ
UC-600CL, 10-bit camera used with an EPIX PIXCI CL1 imaging board. The camera is
small in size (50 mm x 39 mm x 83 mm) and weighs 200 g. It is fully controlled from the
EPIX XCAP software package. While XCAP allows for individual color adjustments
like gamma correction, images were saved in an unaltered format. The camera can be
externally triggered, and it supports exposure times from 1/62000 to 1/60 s (16–
16667 µs). Longer exposure times are also possible via pulse width control.
The camera has a standard 1/3” CCD array with 494 x 658 pixels, a spectral response
from 400 to 1200 nm, and a weak IR filter. The array is read using progressive scan
interline transfer controlled by a 25 MHz pixel clock. The interline transfer provides fast
charge transfer at the end of exposure from photo-active pixels to neighboring masked
pixels, thus rejecting continued combustion luminosity and maintaining image integrity.
A 25 mm focal length C-mount lens was used, which has a continuous aperture with
f-numbers from 1.8 to infinity.

Because of its continuous aperture, an external

mechanism was designed and mounted on the lens, which provides 14 discrete aperture
settings.

4.4.2.1 Two-color pyrometry method
The two-color technique relies on the measurement of the emission intensity from
incandescent soot particles in the flame. However, when applied to an enclosed flame,
emission from gaseous species, light reflections, and thermal emission from the walls can
be a source of noise, although it is normally insignificant. The two-color method has
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been used to measure diesel combustion temperatures since the 1940’s. It can be shown
that the temperature difference between the soot particles and the combustion gases is
less than 1 K when they have reached thermal equilibrium in 10-50–10-6 seconds in the
cylinder. Therefore, the combustion gas temperature is measured indirectly (Zhao and
Ladommatos, 1998).
If the flame emitted like a blackbody, it would be straightforward to calculate the
flame temperature, T, using Planck’s distribution shown in Equation 4.7.
I b (T, λ ) =

C1

(4.7)

⎞
⎛ λCT2
λ ⎜⎜ e − 1⎟⎟
⎠
⎝
5

Ib is the intensity emitted from a blackbody, C1 and C2 are Planck’s first and second
constants respectively and λ is the wavelength. However, the flame has an unknown
emissivity, ε, which causes it to emit less than a blackbody at the same temperature, i.e.
I(T, λ) = εIb(T, λ). The most common emissivity models for soot are a gray soot
assumption or Hottel and Broughton’s (1932) emissivity model. The latter model was
used here and is shown in Equation 4.8 where λ is the wavelength and α is 1.39 in the
visible spectrum.
ελ = 1 − e

− KL
λα

(4.8)

The similarity between this emissivity model and Beer’s law for absorption of a semiinfinite slab as shown in Equation 4.9, show that the term K/λα represents the extinction
coefficient, κλ, of a uniformly distributed media absorbing over a path length L. Thus, K
represents the soot concentration of the radiating media if the media has a uniform
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distribution of absorbing particles, although the product KL is commonly reported as is
done here.
ελ = 1 − e

− κλ L

(4.9)

Combining Equations 4.7 and 4.8 produces the emissive power of a single
wavelength emitted from a cloud of soot particles as shown in Equation 4.10. An
additional assumption noted here is that all particles in the soot cloud are at the same
temperature along the line-of-sight and over the area corresponding to one pixel.
− KL
C
⎛
⎞
α
1
⎜
I λ = ε λ I b (T , λ ) = 1 − e λ ⎟
⎜
⎟ ⎛ C2
⎝
⎠ λ5 ⎜ e λT − 1⎞⎟
⎜
⎟
⎝
⎠

(4.10)

Of some concern is the existence of absorption and emission lines for combustion
species that may interfere over small portions of these spectra. Most of these lines are in
the infrared or near infrared above the cut-off wavelength of the external IR filter (for
example O2 absorbs in 8 lines from λ = 0.78 to ± 0.10 µm, Ferguson et al., 1987). Figure
4.13 shows interfering wavelengths from combustion products in the visible spectrum
(Ferguson et al., 1987; Gaydon, 1974). The vertical line indicates the extinction laser
wavelength of 543.5 nm. NO2 has weak absorption bands in the blue wavelength range
and C2 has very weak emission bands close to the selected laser wavelength. The
chemiluminescence from NO and CO is very small relative to soot emission. Thus, no
measurable effect from interfering species is expected for either the extinction or twocolor measurements.
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Figure 4.13. Interfering wavelengths from combustion products in the visible spectrum.

Choi et al. (1994) mention PAH as another interfering species in the visible and nearIR spectrum. They said that PAH emission is negligible compared to soot, but PAH
absorption tends to overpredict soot volume fraction based on extinction measurements.
Narrow band two-color systems must avoid interference from these lines, but the energy
absorbed in these narrow interference lines is insignificant compared to the total band
energy in these measurements.
A detailed investigation was made of the uncertainty associated with this relatively
new and innovative approach for obtaining two-color images of reacting jets. The twocolor method has been studied extensively for use on diesel jets, and the uncertainties
associated with the method have been thoroughly reported. Therefore, this work focused
on uncertainties associated with noise in RGB, CCD cameras and how this noise will
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affect measured temperature and optical thickness (KL). This work also revisited some
analysis previously performed in the literature related to two-color pyrometry with
updated assumptions. These uncertainties will be presented in Chapter 6.

4.4.2.2 CCD theory
A CCD detector collects light during exposure and converts the collected light to a
voltage, which is then transferred to a frame grabber where it is digitized. In an RGB
camera, the CCD array has a filter mask that allows light to be transmitted preferentially
into red, green and blue “pixies” on the detector. An RGB mask is commonly arranged
in the Bayer pattern shown in Figure 4.14, where a pixel consists of four pixies, one red,
two green, and one blue. Various algorithms can be used to form an RGB pixel from
individual pixies on the CCD. Complex and normally proprietary algorithms average
more than one pixie using weighting functions to average them, thus smoothing the
image. The camera used here had the capability of reading each individual pixie without
averaging, which was used for this work.
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Figure 4.14. Bayer pattern.

79

The “pixel count” of a CCD camera is the digitized integer produced by the frame
grabber. An analytical expression relating the pixel count to radiant emission incident on
the camera is given by Equation 4.11.
t2

λ2

t1

λ1

Pi = ∫ s i ∫ ε λ I λ β λ τ λ dλdt

(4.11)

Pi is the pixel count for color “i”, ελ is the spectral emissivity of the radiating body.
During calibration, ελ is the blackbody calibration source emissivity and during imaging,
ελ is the flame emissivity. Iλ is the incident black body spectral emittance. The aperture
area of the emitted energy is included in this term. The calibration can be adjusted for
changes in the aperture area. βλ is the system spectral response, τλ is the spectral
transmittance of any additional optics such as neutral density (ND) filters, t is the
exposure time, and si is the sensitivity constant converting incident light intensity to pixel
count. If each of the variables (si, βλ and τλ) are known and if the detector is linear
(meaning that si is not a function of exposure time or incident intensity) then the pixel
count, Pi, for a given color band becomes a function of only two unknowns, ελ and Iλ,
which for a soot cloud are unique functions of T and KL. Given two unknowns, any two
of the three color bands can then be used to produce two equations, which can be solved
for T and KL.

The separation of the color bands provides an indication of how

independent the two equations will be when solving for T and KL.
For the two-color calculations in this work, only the red and blue channels were used.
The reason was two-fold. First, the red and blue channels had spectral responses with
insignificant overlap as shown in Figure 4.15. Second, the two green pixies for each
pixel were consistently different, and the particular software algorithm used assigned the
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value of one pixie on one row and the value of the other pixie on the next. This caused
concern that alternating rows would require a separate calibration.

4.4.2.3 Camera calibration
In order to obtain a quantitative image, the spectral response of the optical system
must be determined. This provides the parameter βλ shown in Equation 4.11. Spectral
response curves for the same type of CCD array are often available from the
manufacturer, but response curves for the specific array placed in a given camera are
typically not provided.
In order to measure the spectral response of the optical system, it was placed at the
outlet of a monochromator using a blackbody, radiating at a known temperature, as a
light source. Images were taken at 5 nm intervals from 400 to 815 nm, which provided
the red, green and blue response at each wavelength. The spectral efficiency of the
monochromator according to the manufacturer’s available information was used, but was
not measured. This is crucial since diffraction grating efficiencies vary greatly over their
spectral range.
The response of the camera was then normalized by the highest peak response.
Therefore, βλ only preserves a relative response as a function of wavelength within a
color band and requires the sensitivity to convert an input energy into an absolute pixel
count. During initial calibrations it was found that all three colors had near-identical
spectral responses in the IR region. This would cause significant difficulties in using the
two-color method, because the signal from the IR region was a significant fraction, if not
dominant fraction, of energy from the emission source. To eliminate this problem, an IR
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filter (CVI #HRA-2X2) was used, which blocked light above 750 nm. This IR filter and
the sapphire window used later for the flame images were included in the optical path
when the calibration was obtained. The result in spectral response curves for each of the
three color bands is shown in Figure 4.15. The figure shows the separation of the three
color bands produced by the RGB filter mask. The green band has significant overlap
with the blue and the red bands, but the blue and red bands are almost completely
separated. The bands range from approximately 150 nm to 200 nm in width. This is
considerably broader than most notch or band-pass filters used in two-color
measurements in the past. This difference does not affect the ability of the system to
resolve changes in temperature or KL, but there is some indication that the broadband
technique is less sensitive.
1.0
Blue

0.9

Green

Normalized Response

0.8
0.7
0.6
0.5
0.4

Red

0.3
0.2
0.1
0.0
400

450

500

550

600

650

700

750

800

Wavelength (nm)

Figure 4.15. Spectral response of optical system including sapphire window, external IR
filter, lens, internal IR filter and CCD array.
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When Hottel and Broughton (1932) developed their method, they used broadband
filters. They were also limited in their computing resources and thus used an effective
wavelength for the filters. Their analysis was identical to that used today for narrowband
filters, but had uncertainty associated with the temperature dependence of the effective
wavelength chosen. Today, with modern computers, it is possible to accurately account
for the broad spectral response of a detector, and thus “effective wavelengths” are no
longer necessary.
In this work, the sensitivity constants for each color, si, were determined by
calibration as follows. First, the linearity of the camera with respect to incident energy
was confirmed. This was done by imaging a blackbody with different exposure times,
leaving the aperture and other variables constant.

The response is illustrated in

Figure 4.16. All three colors responded linearly and have r2 values greater than 0.999.
Next, images of a blackbody, with known spectral properties, were taken at a series of
temperatures between 1400 and 1650 °C. Five images were taken at each temperature.
These images were flat field corrected (See Section 6.1.4) prior to calculating the
sensitivity constant with Equation 4.5. A 100 x 100 region from each image was used in
the calculation. As expected, the sensitivity was shown to be constant at different
temperatures, validating the spectral response curves and again demonstrating linearity in
response to emissive power.
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Figure 4.16. Linear response of CCD camera to incident energy. r2 values > 0.999.

4.4.2.4 Equation solver
Following some image pre-processing steps (described in Appendix B), the images
were solved for temperature and KL, on a pixel-by-pixel level, using Equation 4.11. The
MATLAB function fsolve, which solves non-linear equation systems, was used. Some
pixels however, could not be solved, because noise can cause an impossible result for two
given pixel values. In these cases, the measured values were adjusted by subtracting the
uncertainty in red and adding the uncertainty in blue. See Chapter 6 and Appendix B for
more details. A linear path between this corrected value and the measured value was
followed until a solution was no longer obtained. The last solvable set of values in the
blue and red was then used as the solution. This technique solves the vast majority of
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unsolved pixels. Any yet unsolved pixels are handled during post-processing. The
solution status of each pixel was also stored in the error map to aid post-processing.
Typically, more than 99% of the pixels are solved and the pixel adjusting algorithm
solves the rest, which indicates that the calibration is good, and that KL is not close
enough to infinity to cause numerous unsolvable pixels. The typical processing time for
an un-binned full flame is about 15–20 minutes on a 2.80 GHz, Pentium 4 processor.

4.4.2.5 Post-processing
The post-processing alternatives are numerous, and are a choice of preference. There
should however be some guidelines, based on physical behavior. The choices used here
are presented along with justifications.
The calculated temperature cannot exceed the adiabatic flame temperature of the fuel.
Therefore, a temperature limit was imposed and conservatively set to 2700 K. If a pixel
on the edge of the flame was calculated to have a temperature greater than 2700 K, it was
changed to a pixel outside the flame. The edge pixels are typically the most common
false positives. If inside the flame, the pixel was assigned the average of neighboring
solved pixels.

Likewise, saturated pixels were assigned the average of solved

neighboring pixels.
A KL limit was also determined and set to 2.5.

When averaging Hottel and

Broughton’s emissivity model, shown in Equation 4.8 over the appropriate wavelength
range, the emissivity for a KL value of 2.5 is 0.99. A greater emissivity is difficult to
resolve. Therefore, any unsolved pixels are assigned the KL limit of 2.5.
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5 RESULTS

Experimental results of soot measurements as a function of fuel composition and
structure are presented and discussed in this chapter. The first two sections will provide
preliminary and supporting results from the ignition delay and flame lift-off length
measurements obtained. The next section shows results from extinction measurements of
soot at various axial locations in the jet, and how these line-of-sight measurements were
used to characterize the entire jet. The extinction data in the quasi-steady jet will then be
presented, followed by an analysis of the data.

5.1 Ignition delay results

Ignition delay is somewhat unimportant to this study because it determines the extent
of the initial premixed burn, but not the stoichiometry during the quasi-steady burn
period, which is when the soot was measured. Ignition delay is a parameter often
measured in engine experiments and can provide insightful information on the reactivity
of the fuels and repeatability of the jet.

The ignition delay is important for those

attempting to model the jets presented here.

The ignition delay was measured by

subtracting the start of injection time (SOI) from the start of combustion time (SOC).
Data for all fuel mixtures are shown in Figure 5.1. Each point is an average of 20
samples and the error bars represent precision error. There is some scatter in the data,
which is due to the method used.
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The SOI time was determined by detecting when the laser signal dropped quickly due
to liquid fuel blocking it. During the n-heptane experiments, the laser beam was partially
blocked by the nozzle to the point that the photodiode was barely saturated. Thus small
amounts of beam steering could reduce the laser signal significantly, which made the SOI
time more uncertain. Also, SOC was measured by subjectively picking a point on the
SOC signal trace.
In later experiments, the laser beam was moved slightly further down along the spray
axis and an algorithm was implemented that assigned SOC statistically to the point
followed by 8 consecutive points above the average zero signal. These two measures
improved the ignition delay data, although scatter is still evident.
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Figure 5.1. Ignition delay results for all fuel mixtures.
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The ignition delay for pure DMM and pure cyclohexane are seen to be near 385 µs.
When cyclohexane is added, the ignition delay appears to remain constant. When diesel
fuel and undecane are added, the ignition delay drops with just a small amount of fuel
addition to a relatively constant average value close to 300 µs. For n-heptane, the
ignition delay increases and then decreases as more n-heptane is added to DMM, but this
is attributed to the early measurement method. For toluene, the ignition delay slowly
increases as toluene is added such that a delay of 450 µs is observed at 50 vol% toluene
in DMM. Toluene has a much higher auto ignition temperature than the other fuels so it
makes sense that it would have a longer ignition delay. Regardless of the ignition delay,
once combustion has begun, the jet establishes a quasi-steady flame that controls the
temperature and air entrainment as a function of axial position.

5.2 Lift-off length results

The lift-off length was measured as described in Section 4.3 for some fuel mixtures.
The results are shown in Figure 5.2. There is a lot of scatter in the data. The main reason
is that all data (except 50 vol% diesel and 100% cyclohexane) were taken from two-color
images where the exposure time was too short to get a good average measurement. The
data from the lift-off length images of 50 vol% diesel have much less scatter. Despite the
scatter in the data, Figure 5.2 clearly shows that there is a trend of increasing lift-off
length with increasing amounts of additive.
The increase appears to be approximately linear, and therefore it was assumed that the
lift-off length scales linearly with volume-percent additive from 7 mm for pure DMM to
10 mm for pure additives, as illustrated by the dashed line. There are no image data for
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toluene, but based on what has been seen it will be assumed that toluene behaves like the
other additives. The fact that oxygenated fuels have shorter lift-off lengths has been
observed by others as well (Kitamura, et al., 2003).
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Figure 5.2. Measured lift-off lengths versus volume-percent additive.

5.3 Extinction results

A typical extinction measurement for DMM at 50 mm from the injector nozzle is
shown in Figure 5.3. The start of injection is indicated by a vertical line at approximately
2.7 ms which was determined from the laser at the nozzle tip. The dotted lines above and
below the extinction measurement represent the total uncertainty based on measurements
discussed below. Prior to SOI, the transmittance is seen to fluctuate between 0.99 and
1.01. The incident level of light on the detector was measured just prior to the
90

Figure 5.3. Transmittance data for DMM at 50 mm illustrating that it is non-sooting.

experiment over a period of 1 second as explained earlier. After the initial burn of the
premixed charge, temperature gradients in the combustion chamber can slightly change
the direction of the beam causing it to move (beam steering) around on the photodiode.
This movement produces the small fluctuations in the measured beam intensity prior to
the start of injection. These fluctuations were measured during the time period prior to
injection and used to calculate one component of the uncertainty. The second component
is the measured radiation signal from a previous combustion event with the same fuel
mixture.
After SOI, it takes the jet a short period of time (in this case about 1 ms) to reach the
beam location. When the jet reaches the laser, the transmittance drops rapidly to about
93%. This drop is likely a result of more severe beam steering caused by a temperature
gradient passing through the beam which is almost parallel to the beam. Once the leading
edge of the jet passes through the beam, the temperature gradient is relatively
perpendicular to the path of the beam, reducing beam steering back to the original level
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of noise prior to injection. From about 5 to 9 ms, the transmittance level is seen to be
approximately constant, fluctuating between 97 and 99%.

During this period, fuel

injection is occurring and the jet has reached a quasi-steady combustion state. After
10 ms, the signal increases by 1%, but does not return to the initial value due to products
in the combustion chamber. As indicated in the figure, a portion of the temporal event
was selected corresponding to the quasi-steady period of combustion for an average
transmittance measurement. Only the quasi-steady portion of the combustion process
was used to characterize the sooting tendency of each fuel.
An important observation from Figure 5.3 is that there was very little absorption of
the beam when burning DMM. The average transmittance is about 0.98, corresponding
to κλL = 0.02. This low absorption could easily be caused by unburned hydrocarbons and
is not indicative of soot particles which are highly absorbing at the beam wavelength.
The transmittance measurements indicate that there is no soot formed when burning
DMM.
Transmittance measurements of this type were obtained for each of the fuel mixtures
tested, normally at 33, 40, 50 and 60 mm from the nozzle tip. A separate experiment was
run for each temporal transmittance signal and five replications at each axial position
were obtained. The average transmittance during the quasi-steady portion of the injection
event was used to characterize each axial position. It can be seen from Figure 5.3 that
when the transmittance is high, near one, the uncertainty produced by beam steering is
relatively small, on the order of 1%. However, in cases where a large amount of soot is
measured and the transmittance drops to 1%, the noise caused by beam steering reaches
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100% of the remaining signal. For this reason a measurement limit of transmittance near
1% is as low as the signal can possibly be used for quantitative measurement.

5.3.1 The effect of chamber temperature on soot formation
Using pure n-heptane, the temperature in the combustion chamber was varied
between 800, 1000, and 1200 K to confirm the effect of chamber temperature on soot
formation. The injection pressure was lower (approximately 97 MPa, or 2000 psi oil
pressure) during these tests. In comparison, the rest of the data presented in this chapter
were taken at approximately 145 MPa injection pressure (3000 psi oil pressure). The
density was 16.6 kg/m3 as in all tests. The results are shown in Figure 5.4. As expected,
less soot is formed when injecting into a lower temperature environment.

This is

consistent with the conceptual model which predicts that lower temperatures will produce
a longer lift-off length and entrain more air into the jet. The increased air entrainment
should reduce the fuel-air ratio making the jet leaner, thus lowering soot formation. The
data for 1000 and 1200 K show approximately the same amount of soot in the jet.
Normally it would be expected that the higher temperature would produce more soot, but
both jets were optically thick and the measurement is above the resolution limit. It is not
possible to say whether one temperature produces more soot than the other.
The data also show that the amount of soot generally increases in the axial direction.
However, the two data points furthest from the injector at 1000 and 1200 K show that the
soot is decreasing. However, the soot level is above the resolution of the measurement
and it is therefore possible that the trends seen are not real. If they are real, it is because
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the oxidation rate is faster than formation rate, which has been seen and discussed by
Pickett and Siebers (2003).
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Figure 5.4. N-heptane injected at 97 MPa into 16.6 kg/m3 ambient gas density at
varying ambient temperatures.

5.3.2 Soot concentration as a function of axial position
Extinction, κλL, data and images representative of the two measurement tools are
shown in Figures 5.5 and 5.6, respectively, to demonstrate example measurements and to
show how soot varies with axial position in the jet. Both figures show data from
cyclohexane mixtures, where the injection pressure was approximately 145 MPa (oil
pressure 3000 psi), and the density and temperature were 16.6 kg/m3 and 1000 K
respectively.
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In Figure 5.5, the open symbols show non-sooting conditions and the filled symbols
show sooting conditions. Each point is an average of 5 repeats and the error bars
represent precision error. As will be discussed in detail later, higher levels of soot are
shown for higher concentrations of cyclohexane, but for now the trends related to soot
and axial position will be discussed.
5.0

90% DMM
70% DMM

4.0

65% DMM

Average κλL

50% DMM
0% DMM

3.0

2.0

1.0

0.0
0

10

20

30

40

50

60

70

Distance from injector (mm)

Figure 5.5. Average κλL versus distance from injector for mixtures of DMM and
cyclohexane.

Figure 5.5 shows that non- and low-sooting conditions produce a curve which
initially decreases and then increases with axial distance, while the high-sooting
condition produces the opposite trend. The liquid lengths for the various mixtures were
calculated to be 24–25 mm using the engineering model from Higgins et al. (1999) and
should therefore not interfere with any of the extinction measurements at 33 mm.
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The trend seen for the high-sooting condition has already been explained by the
oxidation rate exceeding the soot formation rate.

For the non- and low-sooting

conditions, the soot concentration is seen to increase towards 60 mm. This is evidence
that residence time is important for soot formation and that oxygenated fuels tend to push
the soot formation region further down stream, as discussed by Kitamura et al. (2003).
The reason for the initial decrease for the non- and low-sooting conditions has not
been seen in the literature and is unclear. However, Pickett (2005) has noted the same
phenomena and concluded, after verification, that it is typically due to beam steering
caused by steep temperature gradients. He also acknowledged that liquid droplets can
exist at that axial distance. However, liquid drops usually cause a high frequency in the
extinction signal, which was not seen at 33 mm.
While there is a variation in the extinction signal with respect to axial location, the
data shown later come from the 50 mm location. The data are representative of the soot
level from the particular fuel mixture and it is far enough downstream that the effect of
residence time is reduced. It can be argued that data from 60 mm would be even better
with respect to residence time, but extinction data from 60 mm are less steady due to wall
impingement of the flame. The sapphire windows also got dirtier faster at the 60 mm
location.
Figure 5.6 shows representative gamma enhanced images for the fuel mixtures plotted
in Figure 5.5. On the left, the white lines indicate the four axial extinction measurement
locations. Image (a) on the left shows 90 vol% DMM, and it has a camera gain of 179.5
relative to the 100% cyclohexane image (e) on the right. Images (b), (c), and (d) have
camera gains of 4.3, 4.3, and 2.2, respectively, relative to image (e). Image (b) shows
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that the 70 vol% DMM mixture has quite strong luminosity in the lower half of the jet,
while the extinction data shows virtually no soot at 50 or 60 mm. Most of the luminosity
seen comes from the region downstream of the 60 mm location.

Figure 5.6. Representative gamma enhanced (γ=0.5) images of the cyclohexane fuel
mixtures plotted in Figure 5.5. (a) 90 vol% DMM, (b) 70 vol% DMM, (c) 65 vol%
DMM, (d) 50 vol% DMM, and 100% cyclohexane.

The fact that soot emission first appears far downstream emphasizes the effect of
residence time on soot formation. Kitamura et al. (2003) noted that oxygenated fuels
push the soot formation region downstream relative to non-oxygenated fuels. It also
points out that there is a difference, although small, between when soot first forms and
when soot is clearly detected by the extinction measurement. Thus, flame luminosity
appears to be a sensitive measurement technique capable of detecting first soot in
absolute terms. In this work, the incipient soot limit is considered to be when soot is
clearly detected by the extinction measurement.
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Figure 5.7 shows average κλL values for 25 volume-percent of different additives in
DMM at 40, 50 and 60 mm from the nozzle in order to investigate the effects of fuel type.
Each point in Figure 5.7 represents an average of five data points. The error bars
represent total uncertainty in κλL.
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Figure 5.7. κλL at 40, 50 and 60 mm for 25 volume-percent of additive in DMM.

N-heptane produces no soot along the measured length of the flame. Diesel and
toluene are seen to have soot at all axial locations, and the amount of soot is increasing
with distance from the nozzle. Undecane may produce some soot at the 60 mm location,
although there is a higher uncertainty in the data there. (Data at 30 vol% undecane show
a lower κλL value at 60 mm, so it is unclear if soot is present.) Cyclohexane appears to
have produced some soot at the 60 mm location. This again indicates that residence time

98

affects soot formation. The remainder of the data presented will be from the 50 mm
location, which represents trends at the other locations.

5.3.3 Soot concentration as a function of fuel composition and structure
The average κλL values measured during the quasi-steady period at 50 mm are shown
in Figure 5.8 as a function of volume-percent fuel added to DMM for all of the fuel
mixtures tested. The error bars represent precision error for the extinction measurement
and can be applied to any of the extinction data. Error bars have been omitted from the
remaining plots to improve readability.
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Figure 5.8. κλL at 50 mm versus volume-percent of additive.

For pure DMM the extinction measurement was essentially zero, showing that no
soot was present, as has been described above. At 5 vol% fuel addition, the diesel fuel
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shows significant increase in extinction, and for toluene an increase in κλL is evident
when 10 vol% toluene is added to DMM. Soot next appears in the 35 vol% cyclohexane
mixture, 40 vol% undecane mixture, and last in the 50 vol% n-heptane mixture.
Interestingly, after the onset of soot, each of the fuels appears to produce soot linearly
with increasing additive concentration, and each of the fuels produces a similar slope.
This suggests that once soot formation has begun, a given increase in volume fraction
beyond the soot inception point for any additive yields a similar amount of soot.
Based on the volume fractions alone, it appears that the propensity to soot in
decreasing order is diesel, toluene, cyclohexane, undecane and n-heptane. As has been
discussed in the background and method chapters, soot is known to be dependent on
temperature, pressure, and local stoichiometry. It is important then to compare the
sooting tendencies of these fuels holding these variables constant.

A detailed

investigation of these variables and other parameters which might affect soot formation
will follow in order to more completely explore possible reasons for the sooting
tendencies shown, but a simple and fairly convincing argument can be made from this
figure alone.
Using the constant volume combustion vessel and combustion system ensures that the
fuels are injected into an environment of constant temperature (1000 K) and density
(16.6 kg/m3). If bulk mass average temperature and density are constant then initial
pressure is also constant for all of the tests. The lift-off length data shown earlier
demonstrate that within our ability to measure the lift-off length (±1 mm at best) it is
equal for equal amounts of fuel additive. This ensures that the amount of entrained air
(oxygen) is equal at a given percentage of fuel additive added.
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Furthermore, the

stoichiometric adiabatic flame temperatures of each of the fuels, at a given volume
fraction, are similar (See Table 5.1). This means that the entrained energy and axial
temperature profiles are similar for each of the fuels.
Table 5.1 shows the stoichiometric adiabatic flames temperatures for the pure fuels
and the mixtures. Flame temperatures at first significant soot are shown in bold. The
computer program developed by Asay et al. (2004) was used. The temperatures were
calculated based on a reactant temperature of 1000 K, a pressure of 50 atm, constant
volume combustion, and equilibrium of 21 product species.

Table 5.1. Adiabatic flame temperatures of stoichiometric fuel mixtures.
Volume-percent
additive
0
5
10
15
20
25
30
35
40
45
50
55
75
100

n-heptane
(K)
2630.0
2640.1
2649.2
2657.6
2665.1
2672.1
2676.9
2683.1
2688.6
2693.7
2698.2
—
2713.4
2717.4

Undecane
(K)
2630.0
2641.0
—
2659.7
—
2675.1
2680.4
2686.8
2692.6
2697.7
—
—
—
2722.3

Cyclohexane
(K)
2630.0
—
2651.5
2660.7
2669.0
2674.9
2682.0
2688.4
—
—
2704.2
—
—
2723.7

Toluene
(K)
2630.0
2646.5
2661.0
2674.0
—
—
—
—
2721.0
—
—
2738.7
—
2762.9

Pure DMM has the lowest flame temperature by far followed by n-heptane, undecane,
cyclohexane, and toluene. Diesel fuel was left out since its properties are uncertain, but it
is expected to be similar to toluene. Therefore, a toluene mixture has the highest flame
temperature at a given mixture fraction, although they are all very similar.
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At 10 vol% additive, the lift-off length, flame temperature and air entrainment are
still dominated by the DMM, and yet the toluene and diesel fuel produce soot while the
cyclohexane, undecane, and n-heptane do not. All of the 10 vol% additive mixtures are
therefore experiencing almost identical diesel combustion conditions, and some are
producing soot while the others are not.

Also, the non-sooting mixture reactants

experienced higher and higher temperatures as they traveled further downstream, and still
there was no soot formed. Therefore, one must conclude that the difference in soot
formation tendency is independent of temperature effects.
Although nearly identical on an absolute basis, there are significant differences
between the fuel additive conditions on a relative basis. For example, although there may
be the same amount of entrained air available to burn either the diesel fuel or the nheptane, equal volume fractions of these fuels injected do not produce equal mole
fractions in the jet, and a mole of diesel fuel requires more oxygen to complete
combustion than a mole of n-heptane. In order to produce a more convincing argument
of the importance of fuel structure on soot formation, sooting tendencies at equivalent
stoichiometry were investigated. In other words, there is no reason to believe that fuels
should begin to soot at the same volume of fuel injected; instead one might look at
equivalent ratios of fuel to entrained air, equivalent ratios of carbon to oxygen, or several
other parameters.
Several parameters have been used in the literature, some of which can be logically
related to expected sooting tendencies, and some of which appear in practice due to their
ease of measurement and because they may be closely related to more logical parameters.
The parameters investigated here are separated into two categories: 1) fuel mixture
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related parameters such as the average number of C-C bonds, fuel O/C ratio, weightpercent oxygen or hydrogen in the fuel, and fuel C/H ratio, and 2) stoichiometry related
parameters such as equivalence ratio, overall O/C ratio, or oxygen ratio.

Plotting

measured soot levels as a function of these various parameters serves several purposes.
First, the various parameters allow new insights into the sooting tendencies of the fuels.
Second, the argument that sooting tendency is dependent upon fuel structure is
strengthened, since other factors which could be responsible for the sooting differences
are eliminated by comparing soot levels at equal stoichiometry. Finally, the investigation
provides a search for a parameter which might be used to correlate with the incipient soot
limit of the fuels.

5.3.3 Fuel related parameters
Molecular structure and fuel composition parameters are typically easy to determine
in practical applications because they are independent of air entrainment, which can be
difficult to estimate. It is not expected that soot formation will be independent of air
entrainment, but because these fuel parameters are common in the literature they have
been included here.
Figure 5.9 shows κλL versus average number of C-C bonds per molecule in the
mixture. DMM has no C-C bonds so all fuel mixtures begin at zero. N-heptane and
cyclohexane have 6 C-C bonds, and both toluene and undecane have 10. Toluene begins
to soot at a relatively low average number of C-C bonds per mole of mixture (0.84)
compared to undecane, which begins to soot when the mixture reaches a value of 2.2.
This indicates that there is a difference in the C-C bonds relative to sooting tendency for
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toluene and undecane. Also, this increase seen in soot as C-C bonds increases appears to
be slightly non-linear, with a decreasing slope as the number of C-C bonds is increased.
Diesel fuel has an unknown average number of C-C bonds. However, if a reasonable
assumption is made of 15.5 C-C bonds on average, it falls to the left of toluene as shown.
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Figure 5.9. κλL at 50 mm versus average number of C-C bonds per mole of fuel
mixture.

Figure 5.10 shows κλL versus weight-percent oxygen in the fuel mixture. Diesel,
closely followed by toluene, is shown to start sooting at higher oxygen levels than the
single bonded fuels. As an equal volume of toluene and n-heptane are added to DMM,
toluene requires less oxygen for complete oxidation and should not soot as readily as nheptane when an equal amount of oxygen is present. Diesel and toluene begin to soot at
about 40 wt% oxygen, whereas cyclohexane, undecane and n-heptane start to soot below
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30 wt% oxygen. This, and the fact that they need less oxygen, makes toluene and diesel
appear to be even more prolific sooters. Remember, however, that only fuel oxygen and
not entrained oxygen are being considered, and therefore this parameter would appear to
be inadequate to draw strong conclusions.
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Figure 5.10. κλL at 50 mm versus weight-percent oxygen in the fuel mixture.

In the literature, 25–30 wt% oxygen has been reported by Miyamoto et al. (1998) and
Musculus et al. (2002) as the range beyond which no soot is formed, but their data did not
involve fuels containing aromatics like the toluene and diesel fuel which were used here.
When fuels of similar structure are considered (paraffins and cyclohexane), the data in
Figure 5.10 are in good agreement with the values reported by Miyamoto and Musculus.
Another common parameter reported in the literature is fuel oxygen-to-carbon ratio,
which has been plotted in Figure 5.11. This figure exhibits the same trends as was seen
105

in Figure 5.10; the slopes are similar, but more linear. The incipient soot limits are 0.63,
0.61, 0.40, 0.37 and 0.31 in terms of fuel O/C ratio. A linear extrapolation of in-cylinder
data by Musculus et al. (2002) suggests that for oxygenated paraffinic fuels, no soot
would form when the fuel O/C ratio exceeds 0.4 or about 30 weight-percent. The same
result is seen here for the paraffins and cyclohexane, but again this parameter neglects
entrained oxygen.
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Figure 5.11. κλL at 50 mm versus fuel O/C ratio.

Figure 5.12 shows soot concentration versus fuel C/H ratio. Interestingly, this plot
nearly collapses the incipient soot limit for all the fuels except diesel to about 0.41. It is
unclear why diesel fuel begins to soot at a much lower C/H ratio. Once soot starts to
form, soot increases linearly, but each fuel has a different slope.
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These data suggest that hydrogen in the fuel is important in suppressing soot
formation. Olson et al. (1985) plotted maximum soot concentration versus weightpercent hydrogen for diffusion flames.

Their data showed that soot concentration

decreased linearly with weight-percent hydrogen.

If extrapolated, this line would

intercept the x-axis at about 20 weight-percent hydrogen, which equals a C/H ratio of
0.42.

Exhaust measurements by Miyamoto et al. (1994) also showed that soot

concentration increases linearly with C/H ratio.
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Figure 5.12. κλL at 50 mm versus C/H ratio of fuel mixture.

This is an interesting result, but will probably not hold for all reacting jets. Pure nheptane has a C/H ratio of 0.438, which is above the incipient soot limit, but if burned at
longer lift-off lengths it could produce a flame with very little or no soot. This has been
demonstrated for diesel fuel with an approximate C/H ratio of 0.55 (Pickett and Siebers,
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2002). It is possible however, that additional oxygen entrained into the jet would only
result in a sharp decrease in the slope of the lines in Figure 5.11, and that small amounts
of soot would still be produced above a C/H ratio of 0.41. Although the implications of
this result are not understood, it seems clear that hydrogen plays an important role in
suppressing soot formation in diesel-like reactions.
Figure 5.13 shows κλL versus fuel (C-O)/H ratio, or effective C/H ratio. The thought
behind this parameter is that fuel-bound oxygen atoms stop a neighboring carbon atom
from forming soot. The number of carbon atoms should therefore be reduced by the
number of fuel bound oxygen atoms.
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Figure 5.13. κλL at 50 mm versus effective C/H ratio.

Mueller et al. (2003) said that the carbon-oxygen bonds do not break at combustion
temperatures. Using this parameter, the fuels no longer converge at the same incipient
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soot limit. Again the same trend to form soot is seen; diesel, toluene, cyclohexane,
undecane and n-heptane. The effective C/H ratio increases more rapidly as toluene is
added than it does for the paraffins, because toluene is relatively hydrogen poor. This
causes the total amount of soot produced at a given effective C/H ratio to be closer to
those of the paraffins and cyclohexane, suggesting that effective C/H ratio is more related
to the amount of soot formed than predicting the incipient soot limit.

5.3.5 Combustion stoichiometry parameters
It has been shown that air (oxygen) entrainment is important to the soot formation
process (Siebers and Higgins, 2001). The entrained air affects the availability of oxygen
to destroy soot in the rich premixed reaction zone. Using the measured lift-off lengths, as
reported earlier, the amount of entrained oxygen was calculated and used to determine
various stoichiometry-related parameters within the premixed jet.
The oxygen ratio was introduced by Mueller et al. (2003), and is defined as “the
amount of oxygen available in the reactants divided by the amount required for
stoichiometric combustion, where ‘stable’ species are neglected”. The oxygen ratio (Ω)
is defined in Equation 5.1 where it is also related to the more traditional parameter of
equivalence ratio (φ). The fuel oxygen ratio (Ωf) is the amount of oxygen in the fuel
divided by the amount required for stoichiometric combustion.
Ω=

1 − Ωf
Oxygen available in reactants
= Ωf +
Oxygen required to form CO 2 and H 2 O
φ

(5.1)

Mueller et al. (2003) found that there was no soot formed for reactant mixtures
having oxygen ratios in the range 0.4–0.6. However, they saw that there are significant
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differences in soot levels at a given oxygen ratio, and that the differences are not due to
differences in carbon flux or stoichiometry, indicating that molecular structure may have
been the cause.
Optical thickness as a function of oxygen ratio for these fuels is shown in Figure 5.14.
The oxygen ratio of pure DMM at a 7 mm lift-off length is seen to be approximately
0.31. The oxygen ratio decreases as more additive is added. This is because more
additive increases the amount of carbon, or the denominator in Equation 5.1. The fuel
additive also displaces oxygen in the fuel, which decreases the fuel bound oxygen faster
than oxygen is entrained due to longer lift-off lengths, thus decreasing the numerator in
Equation 5.1.
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Figure 5.14. κλL at 50 mm versus oxygen ratio at the lift-off length.
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0.4

As the oxygen ratio decreases, diesel forms soot first, followed by toluene,
cyclohexane, undecane and then n-heptane, which is the same order as was seen in the
original volume fraction plot (Figure 5.8). The range of oxygen ratios where soot begins
to form is 0.2–0.3, which is well below the range reported by Mueller et al. (2003). It
should be noted that Mueller et al. (2003) ran fuels with fuel oxygen ratios (Ωf) in the
range 0.10–0.11. Kitamura et al. (2003) say that DMM suppresses C2–C4 unsaturated
hydrocarbons, which leads to reduced PAH formation. This, and the fact that the fuel
oxygen ratio was higher in this study (0.09–0.19), likely explain why the oxygen ratios at
first soot are lower in this study.
The low values of oxygen ratio obtained before soot appears suggest that complete
combustion to CO2 and H2O does not occur before the carbon in the molecules is
attacked by oxygen, and rendered unable to form soot. If a single oxygen atom were to
combine with a carbon and two hydrogen atoms, soot would still be able to form at an
oxygen ratio below 0.5. The measured value near 0.25 suggests that a single oxygen
atom is preventing approximately two carbon atoms from forming soot. The oxygen
required to keep soot from forming is apparently fuel dependent. The fuels containing
double carbon bonds (toluene and diesel) require more oxygen per carbon atom to
suppress soot. Note also that the ring structure has only a minor effect on the incipient
soot oxygen ratio. Cyclohexane and toluene are both ring structures, but toluene contains
three double carbon bonds while cyclohexane contains none.

Instead, cyclohexane

appears to form soot similarly to undecane, which is a straight chain molecule.
In the oxygen ratio calculation the fuel was treated as a mixture, calculating a total
amount of available oxygen divided by the total amount of required oxygen regardless of
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the source (fuel-bound oxygen or air entrainment). Two extremes exist for a binary
mixture of fuels, i.e. one fuel or the other may preferentially consume the oxygen first.
Both of these possibilities were considered in order to evaluate the data. Figure 5.15
shows κλL versus oxygen ratio based on only the entrained oxygen and fuel additive, as if
the DMM did not participate in the reaction. That is, it is assumed that DMM does not
use any entrained oxygen. Using this assumption, Figure 5.15 shows that n-heptane
begins sooting near the same incipient soot limit, assuming combustion occurs evenly as
a mixture. In contrast, diesel and toluene start to soot at substantially higher oxygen
ratios. If the fuel burns this way, it is even more suggestive that toluene and diesel are
more prolific sooters.
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Figure 5.15. κλL at 50 mm versus oxygen ratio of additive at the lift-off length.

112

1.50

The second extreme, not shown in any figure, is to assume that DMM uses all of the
entrained oxygen it needs to complete combustion, and then the oxygen ratio is calculated
based on the remaining oxygen and the oxygen required to burn the fuel additive. This
might be referred to as two-stage combustion. If two-stage combustion is assumed, there
is no oxygen left to burn the additive. This would suggest that soot will form at all levels
of fuel additives. Since this was not observed in the data, this extreme was assumed to be
unrealistic.
The most common stoichiometric parameter in combustion is the equivalence ratio.
Figure 5.16 shows κλL versus equivalence ratio for each of the fuels.
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Figure 5.16. κλL at 50 mm versus equivalence ratio at the lift-off length.

Surprisingly, the equivalence ratio is found to increase very little as DMM is replaced
by the additive fuels, and remains within a range of 7.1–8.4 for all mixtures. A plot
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versus CO equivalence ratio looks very similar, except the x-axis values are shifted to a
range of 4.4–5.6.

Figure 5.16 shows that soot increases as the equivalence ratio

decreases, which is counter intuitive. The decrease in equivalence ratio occurs because
the definition of equivalence ratio accounts for fuel oxygen in the fuel and not in the
oxidizer. In spite of the fact that oxygen is becoming less available relative to the carbon
the equivalence ratio suggests the opposite and is decreasing as fuel additive increases.
This causes a reverse trend where soot increases with decreasing equivalence ratio and
the incipient soot equivalence ratio of toluene is at a higher equivalence ratio than nheptane.
Figure 5.17 shows κλL versus the overall O/C ratio of the fuel-air mixture. Overall
O/C ratio is defined as total number of oxygen atoms divided by total number of carbon
atoms. It differs from the oxygen ratio in that the denominator ignores oxygen required
to react with hydrogen and is equal to the oxygen required to react carbon to CO instead
of CO2. This makes the denominator of this parameter less than half of the denominator
used in the oxygen ratio, while the numerator is the same. This ratio shows that soot
formation is suppressed at values greater than 0.70–0.77 for the single carbon bonded
fuels while a ratio of greater than 0.98 is required to suppress toluene and diesel soot
formation. As expected, these values are a little more than twice the oxygen ratio, but
still below unity, suggesting again that a single oxygen atom can suppress more than one
carbon from forming soot.
Because each fuel bound oxygen atom is already bonded to a carbon atom to form
CO, it may be the case that oxygen and carbon bonded in the fuel are not available to
react with the remaining mixture. The available O/C ratio is defined as oxygen atoms in
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Figure 5.17. κλL at 50 mm versus overall O/C ratio of the fuel-air mixture at the lift-off
length.

air divided by available carbon atoms in the fuel. The available carbon atoms in the fuel
equal the total number of carbon atoms minus the number of fuel bound oxygen atoms in
the fuel. A plot of κλL versus the available O/C ratio is shown in Figure 5.18. As with
the effective C/H ratio shown in Figure 5.13, this parameter stretches the diesel and
toluene data in the x-direction and shows some promise in collapsing the curves into one,
particularly at high levels of soot. It still does not collapse the available O/C ratio in
terms of incipient soot formation. As with all of the parameters, diesel fuel shows the
highest tendency to soot, with n-heptane showing the least tendency to soot.
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Figure 5.18. κλL at 50 mm versus available O/C ratio at the lift-off length.

After evaluating sooting tendencies in light of numerous parameters and assumptions,
the conclusion is reached that the fuels are ranked from most readily sooting to least
readily sooting as: diesel fuel > toluene > cyclohexane > undecane > n-heptane. The
three fuels with single carbon bonds begin sooting at similar oxygen ratios, while the two
fuels containing double carbon bonds start to soot at higher, but similar oxygen ratios.
Based on the empirical information available from this work, it seems that double carbon
bonds require more oxygen to suppress soot than single carbon bonds. A new parameter
is therefore introduced which was derived by weighting double carbon bonds as needing
twice as much oxygen to reduce soot as a single carbon bond. The available O/C ratio
corrected for fuel structure, (O/C)C, is defined as shown in Equation 5.2.
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(O C)C

=

Entrained oxygen
⎛ Carbon w/ single bonds
⎞
+ Carbon w/ double bonds ⎟
⎜
2
⎝
⎠ AVAILABLE

(5.2)

Thus DMM only has one carbon atom that can form soot. This parameter recognizes
the result that molecules with double C-C bonds are more prone to soot. Figure 5.19
shows that this parameter collapses the data to a ratio where the additives start to soot at a
level between 1.09 and 1.16 and produces a similar increase in soot with decreasing
(O/C)C. This supports the logic behind its development. Diesel is not plotted, because it
is a mixture with unknown relevant properties.
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Figure 5.19. κλL at 50 mm versus structure corrected available O/C ratio at the lift-off
length.

Figure 5.20 plots the numerator versus the denominator from Equation 5.2. The
points of first soot are shown as open ring symbols and the dashed line is a linear fit to
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the first soot. This illustrates that the point of first soot appears to be following a linear
relationship with the amount of bond corrected carbon atoms. This means that
approximately one oxygen atom can suppress soot from a C-C- structure and that two
oxygen atoms are needed to suppress soot from a C=C structure.
2.0
1.8

Entrained oxygen

1.6
1.4
1.2
1.0

Toluene
Heptane
Undecane
Cyclohexane
First soot
Linear fit

0.8
0.6
0.4
0.2
0.0
0.0

0.5

1.0

1.5

2.0

Structure corrrected number of available carbon atoms

Figure 5.20. Entrained oxygen versus available number of carbon atoms corrected for
structure.

One objective of this work was to determine if the incipient soot equivalence ratio of
diesel jets could be correlated with a single fuel parameter, as was done by Glassman
(1996) for premixed flames. Glassman was able to correlate the incipient soot CO
equivalence ratio with the number of carbon-carbon bonds, independent of the fuel
structure, at a constant flame temperature. These data clearly show that it is not the ring
vs. straight-chain structure that greatly affects soot formation, but apparently the type of
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bonds between the carbon atoms. Double bonds between carbon atoms require more
oxygen to suppress soot formation. Using this observation, a corrected available oxygen
concentration was seen to correlate the incipient soot level. This essentially uses the
number of carbon-carbon bonds, as did Glassman, to achieve the correlation.
The conclusion is that soot in typical diesel-like flames does behave as the premixed
flames reported by Glassman, but the use of oxygenated fuels required a parameter other
than CO equivalence ratio to be used in order to formulate the correlation. Additional
data would be needed to solidify these conclusions. There is only one fuel representing
double bonded hydrocarbons and it only represents one structure, because the number of
double bonds in the diesel fuel is unknown. Additional fuels containing double bonds for
other hydrogen-to-carbon ratios and other molecular structures need to be investigated.
Figure 5.21 shows soot versus the ratio of entrained oxygen to number of available CC bonds in the additive. Diesel (C14H25) was reasonably assumed to have a total of 15.5
C-C bonds per molecule. The data collapses at higher soot levels using this parameter,
better than the structure corrected available O/C ratio did. This suggests that the incipient
soot limit is affected by molecular structure, but once there is enough residence time to
form soot readily, the structure does not matter. Diesel and toluene start to soot earlier.
The fact that diesel starts to soot earlier is likely caused by it being a mixture having
some triple C-C bonds, which need less residence time to form soot. A pure fuel with
triple bonds is expected to behave closer to toluene. A possible explanation why toluene
starts earlier is that toluene could be viewed as a mixture of single and double C-C bonds.
The single bonded fuels start to soot at a ratio of about 0.8.
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Figure 5.21. κλL at 50 mm versus number of available C-C bonds in additive.
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6

6 CAMERA AND TWO-COLOR RESULTS

The camera noise in the images was measured and the results are presented here.
Filtering and binning effects on image signal-to-noise ratio are discussed. A sensitivity
analysis of the two-color equation system is presented and discussed. Two-color results
are then presented along with a discussion.

Finally, results from the extinction,

luminosity, and two-color methods are compared.

6.1 Camera noise considerations

There are several inherent sources of noise and uncertainty when using a CCD
camera. This applies to RGB as well as monochrome cameras. A brief discussion of
significant sources of noise and how to minimize or account for them follows. For more
detail see Rothamer and Ghandhi (2002). Noise can be classified as either random or
repeatable. Read and shot noise are random and cannot be separated from one another in
a flame image, and are thus handled collectively in the uncertainty analysis. Variation in
individual pixel sensitivity is a repeatable error, but is difficult to distinguish from shot
noise, and is thus also treated as such. Other fixed pattern noise caused by optics can be
corrected with a flat field image.

6.1.1 Read noise
Read noise is caused by the electronics that read out the charge from the CCD. An
estimate of read noise was obtained by taking images with the aperture closed and the
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lens cap on, with results shown in Figure 6.1. The noise is shown to increase with
increasing gain, and also to increase slightly as the camera warms up to a steady
operating temperature. Read noise can be significant in video rate sensors, but is usually
negligible for scientific grade, slow-scan CCD arrays. The camera was also tested in
video mode, and it was concluded that the data shown in Figure 6.1 represents a
combination of read noise and dark charge since the array showed zero pixel values with
a closed aperture.
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Figure 6.1. Effect of gain and temperature on read noise/dark charge.

To minimize the effects of read noise and dark charge, the gain was set as low as
possible without sacrificing the output range of the camera. The full range of the camera
could then be used by selecting an appropriate ND filter for the brightness of the flame.
This camera used the full dynamic range of the digitizer at a gain of 14.01 dB. At this
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level the average read noise (averaged over the entire image) is approximately 0.2 pixel
counts. Individual pixel values range from 0–2.

6.1.2 Shot noise
Photon detection is a probabilistic process, meaning that identical sensors exposed to
the same light source will yield a distribution of values. In a CCD array this random
variation of pixel values is known as shot noise. Shot noise is well described by a linear
relationship between the pixel value variance and the mean, making it easy to account for
in an uncertainty analysis. Shot noise can be reduced by spatial filtering or binning, at
the cost of reduced spatial resolution. This is discussed in Section 6.1.5.
Figure 6.2 shows data from the camera used here, where the variance of groups of
adjacent pixels from the blackbody calibration images are plotted as a function of the
mean pixel value. Note that the calibration images were flat field corrected, allowing the
maximum pixel count to exceed 1023. Open circles indicate the 99th percentile data point
from each image. A regression line through these points demonstrates that a linear
relationship exists between the variance and the mean. The variance is seen to be less
than 4% of the mean for 99% of the data. Conservatively, the shot noise variance was
estimated to be 5%. Recalling that the standard deviation is the square root of the
variance and that a 95% confidence interval is ± 2 standard deviations, the uncertainty in
pixel count, UP, due to shot noise can be expressed as shown in Equation 6.1.
U p = 2 ⋅ 0.05 ⋅ P

(6.1)

Solving Equation 6.1 for relative uncertainty (UP/Pi) gives Equation 6.2, which
clearly shows that the signal-to-noise ratio increases with increasing pixel value.
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U P 0.45
= 1/ 2
P
P

(6.2)

Figure 6.2. Linear relationship between pixel value mean and variance (random noise).

6.1.3 Dark charge
Thermal energy can generate charge in a CCD array independent of incident light.
This thermally generated charge is called dark charge and is always building up, but all
charge is removed from the CCD whenever the CCD is read out. The build-up rate
depends on the sensor temperature. For video rate CCD-arrays the time between readouts
is sufficiently short that the sensor can be operated at the ambient temperature with
negligible dark charge. Slow-scan CCD arrays on the other hand, are typically cooled to
keep dark charge within reasonable limits.
The camera used here has negligible dark charge because the array is grounded prior
to data collection and readout time is short. For cameras where dark charge is significant,
a dark charge mean or dark image can be obtained and subtracted from the data image.
For both the dark and the data images, the exposure time and gain should be the same.
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6.1.4 Fixed pattern noise
Any imaging system will introduce a fixed pattern error. This results from factors
such as lens curvature and variation in individual pixel sensitivity.

The error is

predominantly a function of aperture with some influence from focal length.

The

aperture effect can be reduced by decreasing the aperture size. Fixed pattern noise can be
corrected by applying flat field correction, i.e., dividing any image by a normalized
image of a uniformly illuminated surface. The flat field image must have been obtained
at the same aperture and focal length as the data image. Flat field correction has the
effect of increasing sensitivity of pixels that repeatedly detect less light so that the CCD
response becomes uniform. When calibrating the system for pixel sensitivity, calibration
images should be flat field corrected prior to processing.
Applying a flat field correction to an image introduces noise originating from shot
noise in the flat field image. This can be minimized by averaging many flat field images
or by aggressive filtering of the flat field image. The flat field images used here were
filtered with a 20x20 Gaussian filter at the expense of being able to correct for variation
in individual pixel sensitivity. In this case, variation between pixels was insignificant
compared to shot noise.

6.1.5 Signal-to-Noise Ratio
As mentioned, random noise can be reduced by binning or spatial filtering. Tests
were performed to determine the effects of binning and filtering on the signal-to-noise
ratio (SNR) as defined by Equation 6.3. Pi is the pixel value and σi is the standard
deviation for color “i”.
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SNR =

Pi
2 ⋅ σi

(6.3)

Figure 6.3 shows SNR curves for 120 calibration images that were binned and filtered
differently. The common trend is that SNR increases with pixel count, thus SNR can be
maximized by adjusting exposure time, aperture, or ND filters so that the CCD is almost
saturated. Binning replaces a group of pixels with one pixel. This resulting pixel takes
the mean value of the group, and the final image has lower resolution. Filtering changes
the value of a pixel according to some rule related to neighboring pixels. A median filter
replaces the value of a pixel with the median pixel value of its neighborhood. Median
filtering preserves edges and the original image resolution.
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Figure 6.3. Binning and filtering effects on SNR.
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The highest SNR curve in Figure 6.3 was generated from images that were 5x5
binned and 3x3 median filtered. This was considered the largest practical bin size that
would retain resolution of most of the smaller structures in the flame. The peak SNR for
the nearly saturated pixels is ~ 85, which is a significant improvement over the raw
image, which has a maximum SNR of ~ 52.
The other curves show that median filtering is the primary factor improving SNR and
that binning provides a diminishing return. A 3x3 median filter was used in this work.
Its peak SNR is ~ 81. In addition to providing a diminishing return, binning lowers
resolution, which can itself increase uncertainty in regions of high gradients.

The

uncertainty caused by binning is therefore also a function of the image itself. A major
advantage of binning is that it reduces the time required to solve an image for KL and
temperature.

6.2 Sensitivity analysis

It is helpful for image interpretation to understand how a set of two-color equations
(Equation 4.11) respond to noise when solving for KL and temperature. A parametric
sensitivity analysis was completed over a range of pixel counts typical of those possible
due to noise in the measurements. Two nominal pixel counts for red (1013) and blue
(222) were chosen, which correspond to T and KL values of 2300 K and 1.96
respectively. Two-dimensional graphs of KL and temperature resulting from deviations
are shown in Figures 6.4 and 6.5. The uncertainty has been tripled to better show trends.
The nominal pixel values are at the center of each axis. The lines on each of the figures
represent lines of constant KL or temperature.
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Looking at the KL map first, there are two regions. In the upper right corner, no
solution can be found. This is because there is a physical limit to the ratio of red to blue
that is possible using Plank’s distribution and the Hottel and Broughton emissivity model.
As KL increases, emissivity asymptotically approaches blackbody behavior. The dashed
line between the solvable and unsolvable regions corresponds to ideal blackbody
emission. Values above the line are not physically possible, and the solver cannot
converge on a reasonable KL value. Below the dashed line, all values are realistic and a
solution can be obtained. In the solvable region, it can be seen that as one moves from
the lower left corner diagonally toward the center, the KL value increases at an increasing
rate. Also, the KL isopleths are parallel to the dividing line.

Figure 6.4. Map showing KL sensitivity to noise in pixel value.

The temperature map, shown in Figure 6.5, has the same two regions. The isotherms
are continuous, but turn sharply into the unsolved region at the dividing line. The solver
converges to the blackbody temperature in this region. An “x” has been placed in the
center of Figure 6.5 representing a data point, and the box around the “x” represents the
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range of possible values for “x”, given the uncertainty in the blue and red signals. The
maximum and minimum temperatures occur at the two left corners of the box, bracketing
the values in the unsolved region. One consequence of the behavior shown in these
figures is that even when the system is unsolved, a realistic temperature may be
determined, which is within the uncertainty of the possible solutions. The temperature of
a blackbody is a good approximation for that of an opaque high-sooting flame, and for
these reasons the temperature returned by the solver is always accepted, even though a
true solution is not possible.

x

Figure 6.5. Map showing temperature sensitivity to noise in pixel value.

The maximum temperature and the minimum KL value appear in the lower left
corner, where the ratio of red to blue is lowest. The minimum temperature is in the upper
left corner and the maximum KL value in the direction of the upper right corner. These
extreme corner values were used in the uncertainty analysis discussed below.
Figure 6.6 shows a similar KL map, with limits equal to three times the 95%
confidence interval.

Superimposed onto the KL map are data from a blackbody
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calibration image. The average of the individual data points correspond to 1873 K and
KL ≈ 2.4. The data are shown as a contour plot of the distribution of ~ 5800 actual pixel
values. The three shades of gray, from light to dark, correspond to 14%, 28%, and 58%
of the pixels respectively. The scatter is due primarily to shot noise. KL equals infinity
for an ideal blackbody, and for the blackbody used KL should equal ~ 3.0. It is lower
due to noise and calibration error. The average is also always somewhat underestimated
because of the artificial limit of 2.5 discussed later. It would be even lower if the
unsolved pixels were excluded.
This figure indicates that if a KL value close to the unsolved region is measured, it is
likely that a significant fraction of pixels in the image will be unsolved simply because
shot noise is sufficient to put them in the unsolved region.

Figure 6.6. Distribution of actual pixel values from a flat field corrected, 3x3 median
filtered blackbody image superimposed on a KL sensitivity analysis map.
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6.3 Temperature and KL results

Representative images have been selected for analysis and discussion. A jet of pure nheptane is shown in Figure 6.7, and a 75 vol% n-heptane in dimethoxymethane (DMM)
jet is shown in Figure 6.8. Both jets were imaged 1.8 ms after SOI with a 32 µs exposure
time. These fuels produced different soot concentrations in both the two-color images
and extinction measurements. Images of number 2 diesel fuel were also obtained, which
showed even higher soot levels than the pure n-heptane, but the soot in the diesel and nheptane were both virtually opaque to the laser transmittance during portions of the
combustion event. The laser extinction measurements were taken 50 mm below the
nozzle at the same time as the two-color images, and showed that KL decreased from
KL = 1.92 for 100% n-heptane, to KL = 1.14 for 75 vol% n-heptane (κλL was 4.49 and
2.66 respectively). This is in comparison to the average KL seen in these two figures of
KL = 0.52 and KL = 0.41 respectively. Although the two-color images always followed
the same trend as the extinction measurements, the two color images were consistently
less responsive to changes in KL than the extinction measurements and always
considerably lower. The ratio of KLextinction to KLtwo-color was not constant, and increased
with increasing soot concentrations. Some of the reasons for these differences will be
explained as the uncertainties inherent in the two-color method are explored below.
The left-most image in Figure 6.7 shows the raw color image. The injector tip is
located above the image. There is a distance of 9–10 mm between the nozzle exit and the
first detectable luminosity, demonstrating a lifted turbulent diffusion flame as is common
for diesel combustion.

The total length represented by the image is approximately

60 mm. The exposure time and aperture were set such that the brightest part of the
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Figure 6.7. 100% n-heptane jet 1.8 ms ASOI. From left to right: Raw image, inverted
and gamma adjusted image, temperature map and KL map. The mean temperature is
2302 K and the mean KL is 0.52.

Figure 6.8. 75 vol% n-heptane in DMM 1.8 ms ASOI. Upper row: Temperature maps.
Lower row: KL maps.
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flame almost saturates the CCD. As a result of this, and the linear representation of light
levels in the image, some portions of the jet appear dark as if there is no flame. For better
visual clarity, the second image from the left in Figure 6.7 shows the raw image inverted
and gamma adjusted, so that low light levels are artificially increased in a non-linear
representation. The outline of the jet in this image is clear and fine turbulent structures
within the jet less than 5 mm in size can be identified. Regions which appear to have no
emission in the raw image can clearly be seen to have the same type and scale of
turbulent structures as occur in the brighter regions of the jet.
The brightest regions in this jet occur in the top two thirds of the jet and more toward
the sides than the center. These locations of highest luminosity are similar to trends seen
in this and other studies (Jeong et al., 1994; Clasen et al., 1995; Shakal and Martin,
1994). Also noticeable is that the leading edge of the jet has a lower luminosity than the
central portion. This is another trend seen throughout this study.
The raw image shown in Figure 6.7 is separated into individual colors and processed
using custom MATLAB image analysis codes. The pre-processing routine applies flat
field correction, defines a boundary around the jet, locates the trailing edge of the jet
(soot location closest to the nozzle), identifies all saturated pixels and reduces noise with
a 3x3 median filter. After this pre-processing, two colors (red and blue) is used to solve
for temperature and KL at each pixel location. The resulting maps are also shown in
Figure 6.7.
The temperature map shows values in the range of 2100–2600 K with an average
temperature of 2302 K. KL values range from near zero to as high as 2 with an average
of 0.52. The adiabatic flame temperature for this case, based on equilibrium of 21
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species in the product gases, is 2717 K (See Table 5.1). Thus, the average measured
flame temperature is significantly below the adiabatic flame temperature (~ 400 K).
Another interesting feature is that the temperature and KL maps are non-uniform,
with regions of higher and lower temperature and KL. These regions are on the order of
1/5 of the jet diameter and can easily be resolved by the imaging equipment. Filtering
can and has been used to effectively eliminate non-uniformities, which might be caused
by noise. The temperature of these regions is often 200 K higher than it is at other
positions in the jet. If this non-uniformity is real, it could be important to NO formation,
which is highly non-linear with temperature. More discussion of the reasons for this nonuniformity in the jets will be given later. KL in Figure 6.7 appears to be lower at the
leading edge than in the upper portion of the jet. This is contrary to what is expected
from Dec’s (1997) conceptual model. Not all of the images show this tendency and we
currently have no explanation for this result.
Figure 6.8 presents another example of two-color imaging. These maps have been
rotated such that the nozzle is on the left and the jet is moving from left to right. In this
jet, the n-heptane was mixed with 25 vol% DMM, which contains no carbon-carbon
bonds and was observed to produce no soot when burned alone. This jet therefore
produces less soot.
The jet has the same basic features as the pure n-heptane jet. For this jet, maps of KL
and temperature have been produced as well as maps showing the upper and lower
bounds for temperature and KL, as established by an uncertainty analysis (discussed in
more detail in Appendix B). The upper and lower bounds are found by applying the
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uncertainty in measured pixel count to each pixel and solving the possible extremes for
temperature and KL.
These uncertainty maps provide very conservative limits within which the true
temperature and KL values should fall, considering only the uncertainties associated with
the optical components, which are dominated by random noise.

The uncertainty

calculations do not include errors caused by the emissivity model, which includes
assumptions about the soot particle size, shape and refractive index. Thus, they are
valuable only on a basis relative to the nominal map. At issue is answering the question
of whether the small structures within the jet are really at significantly different
temperatures or KL values than the rest of the jet, and if the maps can be interpreted at
face value for what they appear to show. Looking at the nominal KL map (center), a
region of high KL with a value near 2 (red) can be seen next to a region of low KL with a
value less than 0.5 (blue).

Do these two regions really have different soot

concentrations? The lower limit of the red region, shown in the map to the left, is
approximately 1. The upper limit of the blue region, shown in the map to the right is less
than 1. Thus, the uncertainty maps point out that the differences in KL values are larger
than could occur due to the uncertainties of the optical system and that the KL nonuniformity is real. A similar discussion holds true for the temperature. Regions of higher
temperature appear throughout the flame, primarily around the perimeter, and uncertainty
analysis suggests that they also are real.
It is possible that the different wavelengths of light have been refracted by the density
gradients in the turbulent structure of the flame causing some non-uniformity in
temperature and KL seen in the images. A discussion on beam steering was included
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earlier regarding this issue, which concludes that light transmitted through density
gradients which are nearly parallel (within 10 degrees) to the path of light can cause
significant enough light separation to produce errors in the results. This undoubtedly
occurs at some locations in the image, where light must pass through the edge of a
turbulent structure containing a temperature gradient, although it is difficult to determine
where and to what extent. This error will however occur on the edges of turbulent
structures and therefore, large turbulent structures would be marked by edges or curves,
which become smaller in scale as the turbulence structure gets smaller. Most of the
variation in temperature and KL seen in the larger structures are spotted or clumpy in
nature, which is not consistent with light separation errors. The large structures showing
measurable temperature and KL differences therefore still appear to be real, but perhaps
mixed to some degree with beam steering.
Upon inspection of these results, the brighter regions appearing in the raw image are
now seen to be regions of high temperature. While these bright regions may also appear
to be those of high KL, a careful inspection of the images reveals that regions of high KL
can occur in places that are not highly luminous. For the 75 vol% n-heptane flame, a plot
of each pixel’s KL value vs. temperature can be seen in Figure 6.9.
This figure shows a large scatter in KL and temperature, with most of the
temperatures between 2150 and 2400 K and most of the KL values between 0.1 and 1.0.
The data are bounded by the gray dashed lines. The lines show a trend, where only lower
KL values are found at the highest temperatures. This plot also confirms the observation
that temperature and KL do not always correlate, and suggests that the two-color method
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is capable of resolving light emission as a result of high temperature versus light that
comes from dense regions of soot.

Figure 6.9. KL versus temperature correlation for the 75 vol% n-heptane flame.

Also for the 75 vol% n-heptane image, Figures 6.10 and 6.11 show the behavior of
the uncertainty in KL and temperature respectively. This behavior was typical for all of
the processed images. In Figure 6.10 the uncertainty in KL is seen to be a function of the
level of KL. Relative uncertainty in KL has a minimum at about 0.5 (+45% and -30%).
At high KL, upper uncertainty tends toward infinity, which is to be expected from any
two-color system, because emissivity and KL have an exponential relationship. Above a
KL of about 1.1, the upper uncertainty becomes as large as the measured value itself.
This shows that the two-color method using these wavelengths is only useful up to a KL
value of one. The decrease in upper uncertainty beyond KL = 1.1 is an artifact of the
image processing and solver scheme discussed in Appendix B. The lower uncertainty for
KL is less than 50% over the useful range of the method. The increased uncertainty at
low nominal KL values is due to decreased SNR.
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Figure 6.10. Average percent uncertainty in KL associated with the 75 vol% n-heptane
image in Figure 6.8.

Figure 6.11 shows that temperature uncertainties are not strongly dependent on the
nominal value. The percent uncertainty is much lower for temperature (+6% and -2%).
In absolute values, 95% of the points are within +168 and -48 K, and 75% are within +79
and -25 K. The decreasing upper limit above 2500 K is an artifact of the solver scheme
that does not allow temperatures higher than the adiabatic flame temperature.

Figure 6.11. Average percent uncertainty in temperature associated with the 75 vol% nheptane image in Figure 6.8.
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6.4 Luminosity results

Measuring total luminosity is easy to do with a photodiode or a camera.

It is

therefore an attractive method to use. The question is whether the information it provides
is quantitative or not.
Mueller and Martin (2002) discussed broadband natural luminosity imaging and
concluded that it is difficult to interpret the results quantitatively. The intensity measured
is affected by soot temperature, size and agglomeration, volume fraction, path length,
distribution and optical properties; as well as gas phase chemiluminescence, and detector
spectral response and linearity. The two primary components in the luminosity signal are
soot incandescence and chemiluminescence. Luminosity is also strongly influenced by
temperature; only the hottest soot is visible while cold soot can be strongly absorbing.
Mueller and Martin concluded that spatially integrated natural luminosity (SINL) is
proportional to soot volume fraction during the first part of the diffusion burn. This
technique has been used in engine studies by Mueller and Martin (2002), Alataş et al.
(1993), Pinson et al. (1994), and Mueller et al. (2003).
Based on what has been said about the luminosity technique, it was interesting and
easy to measure luminosity from the two-color images from the cyclohexane and diesel
test series to see if natural luminosity is an indication of soot concentration.
The images were processed in MATLAB and the entire jet below the lift-off length
was selected.

That is, both the sooty downstream region and the upstream

chemiluminescence region. The red, green and blue pixel values were added together
and called SINL. Rather than using SINL, SINL was normalized by the number of pixels
in the jet and called average natural luminosity. This was done to account for the varying
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sizes or penetration lengths of the jets. Due to the various gains and apertures used, the
luminosity was scaled to common standard.
When looking at the data, three criteria are of interest; the slope and shape of the
luminosity curve and its x-axis intercept. As was seen in the extinction results, optical
thickness increased linearly when plotted against volume-percent additive.

This is

therefore a main criterion. If the luminosity method were to be used to find the incipient
soot limit it also needs the same x-axis intercept.
Data from cyclohexane and diesel images are shown in Figure 6.12. Each point
represents an average of five images.
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Figure 6.12. Average natural luminosity plotted versus volume-percent additive.

This figure shows that average natural luminosity is quite linear for cyclohexane, but
not for diesel. On the other hand, the diesel curve jumps at the same fraction of additive
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as the extinction data does, whereas cyclohexane does not. However, recall from Chapter
5 that first soot as defined in this work is defined as a significant change in the extinction
signal, which is somewhat relative. It appears then that luminosity measurements are
much more sensitive to the absolute incipient soot limit than extinction measurements
are, and is therefore a valuable tool.

6.5 Comparison of soot measurement results

It is of interest to compare soot measurement results from the various techniques:
extinction, two-color, and luminosity, since all three have been used in the literature. The
cyclohexane and diesel data sets are used here since they are complete. Figure 6.13
shows a sequence of gamma enhanced representative images of varying cyclohexane
content. The image on the left shows pure DMM and images to the right show increasing
amounts of cyclohexane. Table 6.1 shows the volume-percent of cyclohexane, gain
relative to the image on the right, extinction KL data, and flame averaged two-color KL
data. The same is done for the diesel data set in Figure 6.14 and Table 6.2. Comparing
the two right-most images, the gain of the cyclohexane image is 0.90 relative to 1.0 for
the diesel image.
When burning pure DMM, a gain of over 200 is necessary to image the reacting jet.
Note that there is no yellow color, rather a blue/whitish color representing
chemiluminescence. The 15 vol% image shows some yellow color in the head of the jet,
indicating that small amounts of soot may have formed after a relatively long residence
time. In images with higher cyclohexane concentration, the axial distance to first soot is
decreased to the point where soot appears just downstream of the lift-off length.
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Figure 6.13. Gamma enhanced (γ = 0.5) cyclohexane images with pure DMM on the left and increasing amounts of cyclohexane
going to the right.

Table 6.1. Summary of cyclohexane image sequence data.
Volume-percent of cyclohexane:
0
10
15
Gain relative to right most image:
233.3
179.5
46.7
KLextinction, 50 mm:
0.01
0.02
0.02
KLtwo-color:
−
−
−
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Figure 6.14. Gamma enhanced (γ = 0.5) diesel images with pure DMM on the left and increasing amounts of diesel going to the right.

Table 6.2. Summary of diesel image sequence data.
Volume-percent of diesel:
0
1
3
Gain relative to right most image:
209.2
209.2
83.7
KLextinction, 50 mm:
0.01
0.02
0.01
KLtwo-color:
−
−
−
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0.32
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1.17

1.71
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0.65

An interesting observation is that the first three two-color KL values are equal to or
greater than the extinction KL values.

This indicates that line-of-sight extinction

measurements are not adequate if first soot in absolute terms is of interest. In the diesel
images, the two-color KL values are consistently lower than the extinction KL values.
The KL data from Tables 6.1 and 6.2 are plotted in Figure 6.15 along with luminosity
results and 1-D KL results. The two-color data starts at 20 vol%. Two values are shown.
1-D means that the red and blue pixel values were first averaged over the flame and then
used to calculate a single temperature and KL value. This was done to mimic endoscope
type two-color measurements. Average two-color KL was calculated on a pixel-by-pixel
level first and then averaged over the flame. The two are very close, with the 1-D always
slightly lower.
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Figure 6.15. Comparison of cyclohexane soot measurements from four techniques.
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Average Natural Luminosity

Extinction KL

Initially, the two-color curves scale well with extinction, but at a KL of about 0.4 the
curves levels out. This is explored later in Section 6.5.1. Luminosity scales well with
extinction, but increases earlier. The explanation is that a very small amount of soot is
present, which then burns and emit light.
The diesel results are shown in Figure 6.16. The two-color results are similar and
tend to level off as seen earlier. But here the luminosity tends to scale with two-color
results and it increases sharply at first soot.
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Figure 6.16. Comparison of diesel soot measurements from four techniques.

Two-color results reported in the literature are typically higher than what has been
reported here. One reason for these lower KL values is the wavelength range used.
Longer wavelengths penetrate better, and thus the green channel receives more light from
the core of the jet than the blue channel. Images processed using the red and green
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channels had a KL value that was roughly double that of the red and blue channels.
Temperature results were on average decreased by more than 100 K. The other reason
for the low KL values is flame transparency effects discussed in the following section.

6.5.1 Flame transparency model
Burning soot particles emit light in all directions. When taking an image, the flame
surface closest to the camera dominates the emission detected by the camera. However,
if the first surface is not optically thick, anything behind the first surface will add to the
emission detected by the CCD array.
Yan and Borman (1988) investigated flame transparency effects on two-color results.
They assumed different temperature and KL distributions in a jet and modeled how they
would be detected using the two-color method for three combinations of narrow bandpass filters in the visible and NIR (550, 700 and 850 nm).
Their results showed that a uniform temperature distribution or a hot first surface,
combined with any KL distribution, gives the correct flame temperature, but varying KL
results. However, if the temperature distribution is non-uniform with a hot back surface,
the flame temperature is underestimated and the KL results vary. KL results are only
correct when the temperature distribution is uniform.
Since they presented their analysis, much has been learned about direct-injection
diesel jets through optical techniques (Dec, 1997; Flynn et al., 1999). Therefore, their
approach was revisited here with a different temperature and soot distribution. The
ambient gas temperature early in the combustion event is ~ 1000 K. Adiabatic flame
temperature for stoichiometric pure n-heptane at this initial temperature is 2717 K.
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Diesel jets have been found to have a thin flame sheath surrounding the jet with a lower
temperature in the inner core (Dec, 1997). The temperature on the inside of the reacting
jet is thought to be close to the adiabatic flame temperature of the rich premixed products,
where the mixture composition is fixed by the flame lift-off length. The soot distribution
within the jet is thought to be relatively uniform (Dec, 1997).
A jet was modeled to have temperature and soot distributions as shown in Figure
6.17. The jet was discretized into 41 zones of equal thickness. The temperature ramps
up from 1000 K to 2700 K in 3 zones, peaks and then decreases to 2000 K inside the
flame. KL also ramps up, but slightly inside the region of increasing temperature. The
total KL value for the jet is 2.4, or optically thick. No soot is present on the product side,
where OH is present (Dec and Tree, 2001). The model results are reported for the broad
blue and red bands of the optical system used in this work.
The model was constructed as follows. The intensity emitted by the flame is the
black body intensity (Ib) multiplied by a flame emissivity (ε) as seen in Equation 6.4. λ is
the wavelength, T is the true temperature, and Ta is the apparent temperature.
I b (λ, Ta ) = ε(λ )I b (λ, T)

(6.4)

Equation 6.5 shows the expanded equation in integral form to account for the system
spectral response, including the Hottel and Broughton emissivity model, where m is the
color band.
⎛
⎛ − KL ⎞ ⎞
β λ ,m ⎜⎜1 − exp⎜ α ⎟ ⎟⎟dλ
β λ , m dλ
⎝ λ ⎠⎠
⎝
∫λ ⎛ ⎛ C ⎞ ⎞ = λ∫
⎛
⎛C ⎞ ⎞
1, m
1, m
λ5 ⎜⎜ exp⎜ 2 ⎟ − 1⎟⎟
λ5 ⎜ exp⎜⎜ 2 ⎟⎟ − 1⎟
⎜
⎟
⎝ λT ⎠ ⎠
⎝
⎝ λTa ,m ⎠ ⎠
⎝

λ2,m

λ2,m

147

(6.5)

Equation 6.6 has the same left-hand side as Equation 6.5. The right-hand side sums the
intensity that reaches the camera from each zone. The first square bracket represents the
emissivity of slice “i” and the second square bracket represents the attenuation factor of
the slices between slice “i” and the camera.

λ,m

∫

λ1 , m

β λ ,m dλ
⎛
⎛ C
λ5 ⎜ exp⎜⎜ 2
⎜
⎝ λTa ,m
⎝

⎞ ⎞
⎟ − 1⎟
⎟ ⎟
⎠ ⎠

⎡ ⎛ N
⎞⎤
⎢ ⎜ − ∑ k j l j ⎟⎥
⎡
⎛ − k l ⎞⎤
⎟⎥
⎜ j=i +1
β λ ,m ⎢1 − exp⎜ αi i ⎟⎥ ⎢exp⎜
α
⎟⎥
⎝ λ ⎠⎦ ⎢ ⎜ λ
⎣
⎟⎟⎥
⎢ ⎜
N λ 2,m
⎠⎦
⎝
⎣
dλ
=∑ ∫
⎛
⎞
⎛
⎞
C
i =1 λ1, m
λ5 ⎜⎜ exp⎜⎜ 2 ⎟⎟ − 1⎟⎟
⎝ λTi ⎠ ⎠
⎝

(6.6)

The right-hand sides of the two equations can then be equated and written as an
equation system with two equations and two colors, and is solved for the temperature and
the KL measured by the camera system.
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Figure 6.17. Setup of flame transparency model.
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The model results suggest that the measured KL and temperature for this physical
case would be 0.22 and 2520 K respectively. The true flame temperature of 2700 K is
underestimated, but lies between the flame temperature and core jet temperature. The KL
value is only 10% of that in the modeled jet.
The same model was then used to determine what the measured value would be for a
lower total KL of 1.2 and 0.6. The temperature distribution was kept the same and the
KL distribution had the same shape. All three combinations of wavelengths used by Yan
and Borman and colors in this camera system were modeled. Results are shown in
Table 6.3.

Table 6.3. Modeling results comparing both narrow band and broad band and
wavelength combinations.
Total KL

2.4
1.2
0.6

Yan & Borman
550 & 700
550 & 850
700 & 850
550 & 700
550 & 850
700 & 850
550 & 700
550 & 850
700 & 850

T
2445
2395
2313
2343
2305
2241
2304
2274
2224

KL
0.327
0.472
0.680
0.325
0.436
0.585
0.235
0.288
0.354

RGB Camera
Blue & Green
Red & Blue
Red & Green
Blue & Green
Red & Blue
Red & Green
Blue & Green
Red & Blue
Red & Green

T
2554
2520
2487
2457
2419
2382
2396
2364
2335

KL
0.178
0.221
0.258
0.165
0.212
0.256
0.138
0.169
0.197

The results show several things. First, they indicate that the model is not correct in
terms of temperature and KL distributions, because Yan and Borman measured KL
values close to 2. However, the results are still useful for comparison and trend reasons.
There is a difference between narrow band and broad band two-color results. The narrow
band method is more sensitive to KL and gives better KL values, while the broad band
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method gives temperature values closer to the flame temperature. The lower the soot
concentration, the closer the temperature gets to the core temperature.
Both methods show that using the two shortest wavelengths yield the highest
temperature and the lowest KL value, and using the two longest wavelengths yield the
lowest temperature and highest KL value.
This indicates that a sooty diesel flame should give a good temperature result, since it
has a hot first surface and the majority of the emission comes from the soot in the first
surface. The KL result will be too low at all soot levels, but the percent error is reduced
as soot concentration decreases.
The soot and temperature distributions shown in Figure 6.17 were used to represent
real jets. The model was used to predict what results would be obtained with our twocolor set-up. The results for KL = 2.4 and various peak flame temperatures are shown in
Figure 6.18 and are plotted on top of the distribution of KL and temperature shown
earlier for the 75 vol% n-heptane fuel. The model results are represented by the thick
solid gray curve. As flame temperature in the model is increased, the KL that would be
measured decreases, because the measurement becomes more and more dominated by the
soot in the flame region and less influenced by the soot in the core of the jet. In other
words, the result produced by the line-of-sight technique can be thought of as a weighted
average of KL in the core and KL in the flame (KLmeas = a(KL)core + b(KL)flame). Since K
is the same for both regions, KL is smaller for the flame which has a smaller path length
“L”. As the flame temperature increases, the weight of KLflame increases relative to
KLcore or ‘b’ increases while ‘a’ decreases, producing a lower KLmeas value. On the edge
of the jet where there is no soot behind the flame and the line of sight passes almost
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entirely through the flame sheath, the temperature should appear higher and closer to the
actual flame temperature. Most of the images do appear to have a higher temperature
around the perimeter.

Figure 6.18. KL versus temperature correlation for the 75 vol% n-heptane flame with
superimposed flame transparency model results.

The envelope around the measured data suggests that the same relationship exists
between measured KL values and temperatures. This suggests that the two-color KL
measurement severely underestimates the optical thickness of the flame and that the
temperature measurement is also somewhat underestimated. This result also supports the
conclusion that the flame is non-uniform in temperature.

6.5.2 Beam steering effects
Temperature gradients along the path from radiating soot particles to the camera
detector can cause beam steering of the light. This can cause errors in two ways. First,
the acceptance angle of the light can be changed by the change in refractive index in the
combustion chamber relative to the refractive index of the media in which the camera
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was calibrated. Second, light of different wavelengths is diffracted at different angles,
causing light from the same location to be focused on the detector at different locations,
or analogously, light from two different locations become focused on the same pixel.
The analysis of these effects is complex because of the unknown geometric shape of
the density gradients which exist in the combustion vessel, the largest of which is
expected to occur in the turbulent flame sheath. Some sense of the extent to which beam
steering occurs can be obtained by considering the refractive index; how it differs with
density and wavelength, and how the refractive index affects the path of light for various
wavelengths. The refractive index was calculated for air and should be close to that of
the gases in the combustion chamber, although the refractive index of CO2 is more
sensitive to density changes than oxygen or nitrogen. Saad (1993) reports the refractive
index of light to change with density according to Equation 6.7, where ρs is the density of
air at standard conditions and β is a constant.

n = 1+ β

ρ
ρs

(6.7)

The change in refractive index as a function of wavelength, for air, was calculated
using a NIST web-based tool in the range of density ratios from 0.1 to 2 in order to
determine a constant β applicable to 400 and 700 nm wavelengths, which span the visible
region. The results are shown in Table 6.4 for density ratios representing the flame
sheath (6.4), the rich premixed products in the jet (10.7), and the surrounding gases (16).
As seen in the table, the change in refractive index is very small.
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Table 6.4. Refractive index for air as a function of wavelength and density ratio.

λ (nm)

ρ/ρs = 6.4

ρ/ρs = 10.7

ρ/ρs = 16

400

1.00147965

1.00247477

1.00370131

700

1.00144321

1.00241386

1.00361023

The change in direction of a ray of light caused by a change in the refractive index is
given by Equation 6.8, where the refractive index of one media relative to another (n21) is
equal to the ratio of the sine of the angle of incidence (the angle with a line normal to a
surface) to the exit angle.
sin (θ1 )
= n 21
sin (θ 2 )

(6.8)

The first observation from these equations is that if a ray of light is normal to a
surface, θ1 = 0°, there will be no beam steering at any refractive index change. Also, as
θ1 approaches 90°, any value of n21 other than 1.0 will cause θ2 to be much different than
θ1. Light at two different wavelengths, passing through a density gradient will exit at two
different angles and the separation of the two beams increases over distance. Taking that
distance to be the length of the combustion chamber, a worst case separation of two
beams can be calculated. This result depends on the incidence angle of the light and the
refractive index change.
Results as a function of incidence angle are shown in Table 6.5 for several incidence
angles. The results of the separation of light produced by refractive index changes lead to
the following conclusions. First, the absolute change in refractive index produced by the
higher density is very small, and will produce a negligible change in the acceptance angle
of light seen by the camera.

This allows the calibration performed at atmospheric

conditions to be applicable for the high pressure vessel. Second, considering the fact that
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each pixel on the camera corresponds to approximately 1/6 mm of length in the
combustion vessel, the separation of light caused by changes in refractive index is
negligible at incidence angles below about 80 degrees, but can be very significant at
larger angles of incidence. The turbulent structure of the flame sheath may be such that
numerous locations exist at any given time, where there are density gradients almost
parallel to rays of light measured by the CCD detector. These areas will cause significant
“relative beam steering” errors in the calculated temperature and KL.

Table 6.5. Separation of a 400 and 700 nm beam at incidence angle θ after traveling
75 mm. Light emitted at a density ratio of 6.4 passing through a flame at a density ratio
of 6.4.
Incidence Angle (deg)

Separation of Beams (mm)

10.0

0.0003328

50.0

0.005302

80.0

0.3796

86.0

11.62

When looking at the images with this analysis in mind, one would expect the edges of
the jet to experience the greatest amount of relative beam steering, because the flame
sheath is more likely to be parallel to the incident light than at the center of the jet. No
apparent trends or anomalies occur on the edges. Also, if this relative beam steering is
present, a pattern for KL and temperature variation would be expected to be similar to the
turbulent structures, if each structure had edges which were nearly parallel to the
transmitted light. Indeed the KL and temperature images do look speckled or spotted, but
the scale of these patterns does not clearly match that seen in the gamma enhanced image.
The gamma enhanced image shows very fine scales of turbulence which match to some
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extent those of KL and temperature, but the larger scales seen in the gamma enhanced
images do not.

6.5.3 Window fouling
Window fouling can become a real issue, but it is difficult to account for. As more
combustion events take place, small amounts of soot are deposited on the sapphire
window. The deposits reduce the window transmittance such that shorter wavelengths
are attenuated more than longer wavelengths. The net effect of window fouling on twocolor results is that the measured temperature is lower, and the measured KL is generally
lower, but can be unpredictable.
To minimize window fouling effects in the data reported here, the sapphire windows
were cleaned as soon as the 100% transmittance voltage dropped about 20%.
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7 SUMMARY AND CONCLUSIONS

An investigation into the effect of fuel composition and structure on soot formation in
direct-injected diesel-like flames has been completed, including the development and
documentation of a new method for obtaining, two-dimensional, two-color images from
diesel flames using a color (RGB) CCD camera. The measurements were obtained in a
constant volume combustion chamber where temperature and pressure could be
controlled independently.

Two diagnostic techniques were used to measure soot:

extinction and RGB color images.
Dimethoxymethane (DMM) is an oxygenated fuel which has a similar cetane number
(ignition characteristic) to diesel fuel but produces no soot. By adding fuels of various
structure and composition to DMM, the flame could be changed from non-sooting to
sooting, while holding the flame temperature relatively constant between equivalent fuel
additive fractions. Five fuels were tested, (n-heptane, undecane, cyclohexane, toluene,
and diesel) measuring the soot produced as a function of volume fraction of fuel added to
DMM. The color images were used to help interpret the extinction measurements and
were converted to KL and temperature maps of the flames. A comparison of extinction,
two-color KL, and luminosity for measuring soot was made.
Images and extinction measurements showed that soot requires a residence time
before appearing down-stream of the lift-off length. Highly sooting conditions had very
short residence times, with soot appearing near the lift-off length.
conditions, soot appeared near the tip of the jet.
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In low-sooting

Under highly sooting conditions,

maximum soot was reached before the jet had reached the bottom of the chamber. The
optical thickness then decreased as soot burned out at the perimeter of the jet. Under
low-sooting conditions, the soot appeared to continually increase in optical thickness
because it was still forming at a faster rate that it was burning out at the perimeter.
Changes in soot concentration with changes in fuel composition were much larger than
changes in fuel with axial position. A single axial position, 50 mm from the orifice exit,
was therefore used to characterize soot in the entire jet.
Extinction results showed that as the volume-percent of additive increased, the
sooting tendency of the fuels was: n-heptane < undecane < cyclohexane < toluene <
diesel. When the sooting tendencies were compared to numerous parameters which
sought to account for the availability of oxygen to the fuel carbon, such as fuel oxygento-carbon ratio, oxygen ratio, and available oxygen-to-available carbon ratio, the
tendency to soot always had the same order: n-heptane < undecane < cyclohexane <
toluene < diesel. The oxygen related parameters did separate the sooting tendencies of
the fuels into two groups, those fuels containing double carbon bonds and those
containing only single carbon bonds. The fuels containing double bonds began to soot at
higher oxygen-to-carbon ratios or higher oxygen ratios. This sooting trend in molecular
structure has been reported by Takatori et al. (1998) and Nakakita et al. (1998), and
matches what is typically seen in premixed flames, even though the parameters of
temperature, pressure, and stoichiometry are not always well characterized. The fuel’s
structure in terms of cyclic (cyclohexane) versus straight chain (n-heptane) did not
produce significant differences in the sooting tendencies, nor did the length of the
paraffin (n-heptane versus undecane), although there did appear to be slightly more soot
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produced with fuels of higher molecular weight. Also, the amount of soot formed is
nearly linear for most parameters, once soot formation has started, suggesting that once a
fuel begins to soot and oxygen is depleted, the remainder of the carbon goes to soot.
The inception of soot for each of the fuels, except diesel, correlated well with the fuel
mixture C/H ratio. The C/H ratio alone was recognized as a parameter that cannot
indicate the inception point of soot, because the addition of air (oxygen) can turn a
sooting flame into a non-sooting flame at a fixed C/H ratio. However, since the C/H ratio
is related to the number of single and double carbon bonds in a molecule, a combination
of the C/H ratio and the amount of oxygen should be useful for correlating soot inception.
Two new parameters were developed to correlate the inception point of soot and the
total soot produced for a given fuel. Each of the four pure fuels tested began to soot at a
structure-weighted available oxygen-to-carbon ratio in the range 1.09–1.16.

The

structure-weighted oxygen-to-carbon ratio of a fuel is found by dividing the available
oxygen by the weighted available carbon. The available oxygen is the oxygen not
already bonded to a carbon in the fuel. The weighted carbon is equal to one half times
the number of available carbon atoms attached with a single bond plus the number of
available carbon atoms attached with a double bond. This parameter suggests that one
oxygen atom can prevent two single bonded carbon atoms from producing soot, while it
takes two oxygen atoms to prevent a carbon with a double bond from forming soot. The
parameter correlates with the pure fuels tested, but cannot be correlated to the diesel fuel
because the bond structure of diesel is not known. Again, more fuels with double carbon
bonds need to be tested to validate the correlation.
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A similar parameter, the ratio of available oxygen to available carbon-carbon bonds
was shown to correlate well with the total amount of soot produced by a given fuel.
Counting the number of carbon-carbon bonds also weights the double carbon bonds more
heavily, requiring more oxygen to suppress the same amount of carbon from forming
soot. The available oxygen to carbon-carbon bonds ratio produced a correlation which
underpredicted the soot produced by diesel and toluene for leaner mixtures, but as oxygen
decreased, all fuels approached the same levels of soot for a given oxygen to carboncarbon bond ratio.
The data and the success of these parameters at correlating the inception and quantity
of soot lead to the conclusion that fuels with double carbon bonds require twice the
amount of oxygen to prevent them from sooting as do single carbon bonds.

The

parameters also show that each oxygen atom in the fuel can prevent a carbon in the fuel
from producing soot, but there does not appear to be any additional influence of the
oxygenated fuel on the sooting tendency of non-oxygenated fuels.
An RGB camera was able to provide valuable insights into the soot formation
process, but more from a qualitative perspective than a quantitative one.

Natural

luminosity was shown to be a valuable tool for determining when soot first appears. The
intensity increases noticeably when the first soot appears, even though it is not detectable
in the extinction measurements.

The luminosity is therefore non-linear with soot

concentration, particularly at low soot levels.
A method for calibrating and analyzing the uncertainty of temperature and KL
measurements with a color RGB digital camera was demonstrated. Analysis of the twocolor results showed that the measured temperature is between the core and flame
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temperatures of the jet, but closer to the flame temperature, and that the wavelength
selection dictates how close it is to either the core or flame temperatures. Shorter
wavelengths favor the flame temperature, and longer wavelengths increase the influence
of the core temperature. The two-dimensional temperature maps showed significant
temperature variations of over 300 K, which were verified to be real variations and not an
artifact of camera noise.
Absolute KL results underestimate optical thickness in comparison to extinction
measurements, particularly at high levels of soot, because of the non-uniform temperature
distribution and because light emitted from soot within the jet is absorbed before it can
reach the camera. As with temperature, the wavelength affects the measurement. The
narrow band two-color technique typically used in the past for KL measurements was
shown to be able to measure higher KL values than the broad band technique used in this
work. A two-zone model of a jet with soot, at a core and flame temperature, was useful
in explaining the trends seen in the KL measurements, but did not predict correct absolute
values. The two-zone model showed that the radiative emission from the soot at high
temperature in the flame sheath dominated what was seen by the camera and therefore
KL increases to a limiting value as soot increases. Although the two-color method is not
linear with increasing soot, it is monotonic and can therefore be used to compare relative
amounts of soot.
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APPENDIX A – DATA FILE NAMES

This section explains the meaning of the different data file names. There are five
different types of data files used: raw experiment data files, analyzed experiment data
files, two-color image files, processed two-color image result files, and lift-off length
image files. The file names are explained in that order. Following the explanations are
extracted data from the experiments summarized in Tables for reference and
completeness.
The raw experiment data file is generated by the LabVIEW vi. An example name
used here is 09001213304.xls. It is an ASCII text file with an .xls file extension so that it
is easier to import to Excel. The filename has six parts separated here by commas for
clarity: 090,0,1,21,33,04. The meaning is as follows.
090
0
1
21
33
04

volume percent of base fuel
fuel code for base fuel
fuel code for additive
percent oxygen in ambient gas
laser beam location in mm from injector tip
repeat measurement number

Fuel codes are: 0 DMM, 1 n-heptane, (2 tetraethoxypropane), 3 toluene, (4 naphthalene),
5 #2 diesel, 6 undecane, and 7 cyclohexane. Codes 2 and 4 were not used.
The analyzed experiment data file has the same filename with an “A” added to it:
09001213304A.xls. It is generated by Analysis.vi and replaces some of the data with
κλL, transmittance and uncertainty in transmittance. The reason for doing this is that the
raw data is left intact and can be analyzed later with different algorithms if wanted.
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Two-color images are stored using the XCAP software. An example image file name
is: 0306040325602400yynnn32909001213304.bin. It is a packed 10-bit binary file where
the data is stored LSB to MSB in BGR format. It means that the blue channel is stored
first, followed by green and red and each value is stored with the Least Significant Bit
first. Some early images were 16-bit tif-files named the same way, but having a .tif file
extension.

The aperture is 56 for some early images, before the external aperture

mechanism with discrete aperture steps was used.
memory efficient.

The binary files are a lot more

The file name has seven parts to it separated here by commas:

030604,032,07,02400,yynnn,329,09001213304.
030604
032
07
02400
yynnn
329
09001213304

date of experiment (ddmmyy)
exposure time in µs
aperture
start of exposure in µs relative to SOI
neutral density filters used (50, 30, 10, 1, 0.1)
center pixel of laser beam
corresponding raw experiment file name

Processed two-color images are stored in RES-files and have the same name as the
image filename with an “H” or “G” added. “H” means it was processed with the Hottel
& Broughton emissivity model and “G” means a gray emissivity model was used.
0306040325602400yynnn32909001213304H.RES
0306040325602400yynnn32909001213304G.RES
Result files are stored in binary format and may or may not include uncertainty analysis.
The MATLAB script ReadResultsv4.m reads and displays result files and automatically
detects whether or not uncertainty was stored. The results are stored as follows:
Information stored
Number of rows in maps
Number of columns in maps
Temperature map
KL map

Number format
16-bit integer
16-bit integer
double
double
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Error map
Low temperature map
High temperature map
Low KL map
High KL map

16-bit integer
double
double
double
double

Lift-off length image files are stored in the same packed 10-bit binary format as the
two-color images. An example lift-off length image file name, again separated into parts
is: LOL,250205,090,0,7,Delay1800us,Exp4ms,Ap05,-4.bin.
LOL
250205
090
0
7
Delay1800us
Exp4ms
Ap05
-4

lift-off length image
date of experiment (ddmmyy) exposure time in µs
volume percent of base fuel
fuel code for base fuel
fuel code for additive
start of exposure relative to SOI
exposure time
aperture
repeat measurement number
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APPENDIX B – IMAGE PROCESSING AND MATLAB TOOLS

MATLAB was the chosen software for data analysis and image processing. The
MATLAB file Guianalysisv5.m was used to filter and process the data files saved by the
LabVIEW program Analysis.vi discussed in Appendix C. Solverv3.m and Solverv4.m
were used to process the two-color images. The difference between the two versions is
the camera calibration. Solverv3.m uses an older calibration, where the continuous
aperture was set to about f5.6. Solverv4.m uses the calibration obtained after the aperture
mechanism was in use. The extracted image data and any notes are stored in the text file
masterlogImagesv4.txt.
MeasureLOL.m was used to measure lift-off lengths from both two-color and lift-off
length images. The results and notes are stored in the text file masterlogLOLv4.txt.
FlameTransparencyModel.m was used to model the camera two-color results.
The image processing steps are explained in the following sections, which also
include program flow charts.

B.1 Image processing

A custom MATLAB code was written for all image processing steps. There are
several pre-processing and post-processing steps that should be taken to improve or
optimize the final result. Some steps are somewhat arbitrary or may depend on the
experimental setup. However, objective decisions can be made based on simple tests,
such as how to filter the image as shown in Figure 6.3. Here, the choices used are
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mentioned to illustrate many of the issues involved. Flow charts of these operations are
shown in Sections B.6–B.8.

B.2 Pre-processing

The pre-processing involves masking, cropping, storing saturated pixel locations, flat
field correction, edge detection, filtering and binning. All operations are done on the red
and blue channels individually. Pre-processing helps isolate the flame, improve SNR and
reduce computer processing time.

B.3 Masking and edge detection

A flame image of pure n-heptane is shown in Figure B.1. It is inverted and gamma
enhanced to more clearly show the jet characteristics. First a circular mask is applied to
the image, which makes all pixels equal to zero if they are outside the window area. In
many images the flame has reached the bottom of the chamber (right side in Figure B.1)
and the flame is starting to flare out. The flame is very bright and combustion luminosity
is reflected in the window holder. If these reflections are not removed by the mask they
interfere with the edge detection algorithm, making flame isolation more difficult. The
image is then cropped to the region of interest to reduce processing time.
Some images have small high luminosity regions where the red pixels are saturated.
These pixel locations are stored in an error map so that they can be excluded from the
solution and identified later. The cropped portion of the flame image is then flat field
corrected. This is done by dividing the image by an appropriate normalized flat field
image.
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Figure B.1. Inverted and gamma adjusted (γ = 2.5) flame image of pure n-heptane
injected 2 ms ASOI into simulated air at 1000 K and 16.6 kg/m3.

The MATLAB edge function is used to isolate the flame. It uses a Sobel gradient
approximation. This algorithm isolates most of the flame without intervention, but it is
usually necessary to modify its result manually. It is important to remove any false
positive pixels as they yield too high of a flame temperature. False negative pixels do not
alter the result except that the flame is not isolated correctly.
Hundreds of other image segmentation algorithms of varying complexity exist in the
literature. They can be divided into thresholding, model-fitting, differential detection,
entropic texture edge detection and statistical pattern-recognition methods (Pastor et al.,
2001). A review of many is found in Pal and Pal (1993).
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B.4 Filtering and binning

The image is then filtered. Here a 3x3 median filter was applied. This is a moderate
filter, which removes many noise spikes while preserving edges. After median filtering,
binning can be applied. A 2x2 average bin was tested and used. That is, the flame pixels
in a 2x2 neighborhood are averaged and become a single pixel in a lower resolution
image. Some spatial resolution is lost, but the processing time is shortened by a factor of
four.

The raw resolution is ~ 6 pixels/mm, so after binning the resolution is

~ 3 pixels/mm. Binning made only a minor improvement in the SNR, and was therefore
not used in the final images, but was used when quicker results were needed.

B.5 Uncertainty analysis

An uncertainty analysis can be performed on each image on a pixel by pixel level,
yielding lower and upper limit maps. Performing uncertainty analysis increases the 15–
20 min processing time to around 60–90 min for an un-binned full flame image. An
example is shown in Figure 6.8.
The uncertainty analysis accounts for calibration uncertainties in random noise and si.
As mentioned, the random noise variance was measured to be linearly proportional to the
signal level. The random noise error is calculated using Equation 6.1 and combined with
uncertainty in si using the typical rms method. This uncertainty does not include errors
related to the method or soot refractive index, the particle size, or particle shape, which
may not be properly accounted for in the emissivity model.
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B.6 Solverv4.m

Pre-processing steps
-Apply window mask
-Crop image
-Set up binning
-Initialize error maps
-Adjust cropped area to be multiple of bin
-Map saturated pixels
-Apply flatfield
-Edge detection
-Median filter
-Mean binning
-Initialize Temp & KL to zero
-Solve 1-D case

Is pixel
valid?

No

Yes
Solve using r & b
Set errormap1 = exitflag

Is exitflag =
0?

Is exitflag =
1?

No

Yes

Ye
Set errormap1 = 2

Set 1000 iterations
Solve using r & b
Set errormap1 = exitflag

Is exitflag =
-1?

No

Set Temp = T
Set KL = KL
Set LastT = T

Yes
PixelAdjustingSolverv4
Set errormap1 = exitflag

Figure B.2. Flowchart description of Solverv4.m.
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No

Initialize Temp2 = Temp
Initialize KL2 = KL

Is
errormap1
= -2 | -1 | 0

No

Is Temp2 >
TempLimit?

No

Yes
KL: Sum
surrounding pixels if
errormap1 = 1 | 2
Temp: Sum
surrounding pixels if
errormap1 = -1 | 1 | 2

Is KLcount
> 0?

Yes

Is Temp2
on flame
edge?

No

No

Yes
Set KL2 = KL_limit
Set errormap1 = 4

Set Temp2 = 0
Set errormap1 = -3

Yes
Set KL2 = Sum/count
Set errormap1 = 3

Is Tcount >
0?

Are there
any valid
neighbors?

No

Set Temp2 = 0

Yes

Yes

Set Temp2 = average
of valid neighbors
Set errormap1 = 3

Set
Temp2 = Sum/count

Is KL2 >
KL_limit?

No

Set Temp2 = 0
Set errormap1 = -1

Yes
Set KL2 = KL_limit

Figure B.3. Flowchart description of post-processing in Solverv4.m.
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No

B.7 PixelAdjustingSolverv4.m

r & b from Solverv4
Set Lastx = x
Set Lastflag = exitflag
Set rm = rm + step
Set bm = bm – slope *
step
Solve using rm & bm &
Lastx

Set rj = r – Ur
Set bj = b + Ub
Solve using rj & bj

Is exitflag =
0?

No
Is step *
count <=
Ur?

Yes

Yes
No

Set 1000 iterations
Solve using rj & bj

Is exitflag =
-1?
Is exitflag =
1?

No
Yes
Solve using rj & bj

Yes
Set rm = rj
Set bm = bj

Exit
PixelAdjustingSolverv4

Figure B.4. Flowchart description of PixelAdjustingSolverv4.m.
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No

B.8 UncertaintyAnalysisv4.m
Lr, Hr, Lb, Hb, Temp2,
KL2 from Solverv4
Solve using Lr & Lb
Set HT = Temp2
Set LT = Temp2
Set HKL = KL2
Set LKL = KL2

Is
errormap1
> -2?

Is exitflag =
0?

No

No

Yes
Set 1000 iterations
Solve using Lr & Lb

Yes
Solve using Lr & Hb
Is exitflag ≠
0?
Is exitflag =
0?

Yes

Set LT = LT

No
No
Solve using Hr & Lb

Yes
Set 1000 iterations
Solve using Lr & Hb
Is exitflag =
0?
Is exitflag <
1?

No

No
Yes

Yes

Set LKL =
min(LKL,KL_limit)
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Figure B.5. Flowchart description of UncertaintyAnalysisv4.m.
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Figure B.6. Flowchart description of post-processing in UncertaintyAnalysisv4.m.
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APPENDIX C – LABVIEW PROGRAMS

This Appendix describes the main LabVIEW programs used in the lab and shows the
front panels. The program hierarchy is shown in Figure C.1. CBomb6i is the main
virtual instrument (vi) shown on top. It calls a number of subvi’s of which only the
custom ones are shown in alphabetical order from left to right. Analysis does postprocessing on saved data and is described later. Camerainfo and Fileinfo write the
fileheader in the data file. Gate sets the counter’s source and polarity of the 6602 timing
card. Imagefilename generates the image file name. PowerSpec displays the frequency
domain of the saved data and is described later. Sound plays a wave file and Urho
calculates the uncertainty in chamber density.

Figure C.1. Hierarchy of CBomb6i. Custom subvi’s shown.
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C.1 CBomb6i.vi

The main LabVIEW program used in this research was CBomb6i. It is used for fuel
injector and spark control, and data acquisition. Figure C.2 shows the front panel after
data has been acquired. A brief description of the program is given here with the
assumption that the reader is familiar with LabVIEW.
The front panel is divided into sections for clarity. The top left section has Save and
Continue buttons and a control where the file path can be entered and an indicator

showing the saved file name and path. After data has been taken, the user can choose
whether to save the data by pushing the Save button, or to continue by pushing the
Continue button.

The next section has all the data acquisition settings and indicators. The third section
down has all the experiment information including a box where notes can be typed in
regarding the experiment. There is also a button where the user can choose whether an
image filename is stored in the run file or not. Second to last is a section showing the
results for the data taken with uncertainty. The bottom section has a STOP VI button and
indicators showing the values from continuous mode. The indicators also show the
acquired data. The section to the right has an alarm feature where the user can monitor
the fuel temperature while the combustion chamber is warming up.

Note that the

thermocouple connector needs to be moved. If the fuel temperature reaches the set
temperature, the vi will beep. The molecular weight of the gas mixture is also entered
here.
When first running the vi, it runs in a continuous mode sampling data at 1 Hz by
default.

The sampling rate can be increased interactively.

186

The various settings

controlling the experiment should be set prior to taking data. The Trigger switch should
be set to Auto and the Press/Volts switch set to Press if pressure data is wanted.
When ready to run an experiment, push the green Take Data button on the right
(hidden in Figure C.2). The vi then initializes and takes the ground values. It beeps and
turns on the Ground LED indicating that it is done. Then it initializes the vi according to
the DAQ Configuration settings, beeps and turns on the Ready for DAQ LED. The user
can then ignite the gas mixture. As soon as the mixture ignites, the vi turns the spark
plug off and samples data. When the correct injection temperature is reached the vi sends
a signal to the fuel injector.
The user can then choose what portion of the data to save, or continue.

The

information and control settings to be saved can be changed after data has been taken.
After saving the data, a dialog asks if the user wants to see the power spectrum of the
data saved, and after that a dialog asking if the user wants to analyze the data.
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Figure C.2. Front panel of CBomb6i.vi.
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C.2 PowerSpec.vi

After data has been saved in CBomb6i, a dialog box let’s the user say Yes or No to
running the PowerSpec vi. The front panel of PowerSpec is shown in Figure C.3. It
shows the power spectrum for the channels. When pushing the STOP button the vi quits
and a dialog asks if the user wants to analyze the data. The plots shown in Figure C.3 are
typical for normal good data.
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Figure C.3. Front panel of PowerSpec.vi.
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C.3 Analysis.vi

Analysis is used to quickly post-process the saved data to verify whether or not it was
good and to perform an uncertainty analysis. The data is then saved such that MATLAB
can read the data. The vi can also be run at any time to re-analyze previously saved data.
Under the first tab “DATA” (Figure C.4) on the front panel, the user enters radiation
noise level and picks off SOI and EOI using the mouse and cursor. The second tab
“Pressure, AHRR” (Figure C.5) shows pressure and heat release curves. The user can
also reduce the amount of saved data here. The third tab “Extinction” (Figure C.6) shows
the extinction signal as a voltage, transmittance, and κλL value. The natural luminosity
voltage is also shown. The fourth and last tab “Summary” (Figure C.7) shows the file
header and lets the user choose whether to save data and continue, or simply continue to
the next experiment.
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Figure C.4. Front panel of Analysis.vi.
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Figure C.5. Front panel of Analysis.vi.
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Figure C.6. Front panel of Analysis.vi.
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Figure C.7. Front panel of Analysis.vi.

195

196

APPENDIX D – ELECTRONIC CIRCUITS

The electronic circuits for SOI detection and spark plug control are shown in this
Appendix. Figure D.1 shows the spark control circuit. It was designed to start the spark
plug by flipping a switch and then turn it off when the gas mixture had ignited. The
charge amplifier was adjusted such that it puts out -3 V when grounded and when
pressure is building in the combustion chamber, the voltage increases. The reference
voltage is set to -2.7 V in Cbomb6i.vi. These two signals are fed into the operational
amplifier, which acts as an inverting comparator. Thus the operational amplifier output is
normally about +12 V, but switches to about -12 V when the gas mixture starts to burn.
This output is regulated by the voltage regulator to the 0–5 V range since the rest of the
circuit consists of TTL components.
The regulated voltage sets the RS flip-flop output Q and the switch resets it. Q is then
inverted and fed into the AND gate as input B. The 555 timer chip is configured as an
astable multivibrator running at 16 Hz and the inverse of its output is fed into the AND
gate as input A. When both A and B are one, the output Y triggers the SSR and the spark
plug fires. The red LED also blinks as a visual confirmation.
Thus, the circuit works as follows. When the charge amplifier puts out less than Vref,
S has +5 V on it and Q is one. The operator then hits the switch, resetting the flip-flop

(Q = 0) and the spark plug sparks. As soon as the charge amplifier signal exceeds Vref,
the flip-flop is set (Q = 1) and sparking stops.
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Figure D.1. Schematic of spark control circuit.

The spark plug circuit box also holds two additional circuits shown in Figure D.2.
One is a test circuit, which turns on the green LED when the BNC input is greater than
~ 2.5 V and the other a power light circuit.
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Figure D.2. Schematics of test and power light circuits.

Figure D.3 shows the circuitry associated with the SOI signal. The SOI signal is
recorded by Cbomb6i.vi and is also connected to the MOSFET gate (VN0610L) drain
(D). The gate (G) pulse is controlled by Cbomb6i.vi and is sent simultaneously with the
fuel injector signal and lasts 20 ms. It passes through a passive short-pass filter, which
makes it a square wave. This ensures that the CCD camera is almost always triggered
correctly. The digital delay generator is connected to the source (S).
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Figure D.3. Schematic of SOI circuit and SOI signal connections.
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APPENDIX E – OPERATING PROCEDURES

Common laboratory operating procedures are outlined in this section of the
Appendix.

E.1 Fuel mixture preparation

All fuels except diesel and cyclohexane are stored at -19°C before mixing. This is to
reduce the vapor pressure. Diesel and cyclohexane are stored in room temperature,
because their melting points (or the melting point of a component) are above -19°C.
When mixing the fuels, it is important to wear the correct protective gloves, a gas
mask with hydrocarbon filters, and to be familiar with the MSDS sheets for the fuels.
Also, equipment that is inert, or chemically compatible, with the fuels should be used.
The volume of each fuel should be measured separately before mixing, since the sum of
the volumes of two miscible liquids before mixing usually do not equal the volume
obtained by mixing the two.
Many hydrocarbons have poor lubricity, which causes problems with needle lift in the
injector nozzle. Lubrizol can be added to the fuel mixture to alleviate the problem. It
should be added at a concentration of 10–20 drops/liter.
Once the fuel mixture has been prepared it should be put into the glass beaker with
the #15 neoprene rubber stopper and put into a cooled water bath. The water bath is kept
at 10°C. Thus, the fuel temperature is ~ 16°C as it returns from the fuel injector under
steady state conditions. This keeps DMM from boiling.
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E.2 Machining and assembling a fan shaft

It is important to machine the shaft and assemble it correctly. If not, the c-seal will
wear out quickly and/or not seal the combustion chamber. Machined and assembled
correctly, it will last for hundreds of runs. The shaft is made from precision ground
stainless steel (SS 303) rod bought from Small Parts Inc. The rod diameter is 0.125
inches.
Turn the end features on the shaft first using a collet. When mounted in the collet it is
important to have as small a cantilever as possible due to the small diameter. After
machining the chamfer on one side and threading the hole on the other side, the shaft
needs to be polished. One reason is to reduce the diameter slightly so that the shaft fits
through the ball bearings, another is to improve the surface finish. Mount the shaft about
one inch into the collet so that the chamfered side is visible. Move 600 grit emery cloth
back and forth slowly while the shaft is turning. Gauge the progress by sliding the ball
bearing over it. When the bearing slides snuggly over the shaft it is finished.
Clean the shaft before assembling it. Any oil between the shaft and the c-seal will
burn and ruin the c-seal. Mount the backing ring and the c-seal in the window blank as
well as the ball bearing and their caps. Slide the shaft through the window assembly,
chamfered side first from the chamber side. Due to holding the shaft in the collet while
polishing it, there will be a shift in diameter that will not allow the larger diameter
through the bearing. Attach the fan and finish the assembly. After using the fan, never
push the shaft back and forth; it will ruin the c-seal.
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E.3 Making a gas mixture

The lean premixed gas mixture used to simulate air is stored in a large gas bottle
normally used to store 41 MPa (6000 psi) nitrogen. The partial pressure of acetylene
dictates the maximum total pressure, and for simulated air it is about 6.2 MPa (900 psia).
Calculations suggest that the gas bottle can hold a detonation of this 6.2 MPa (900 psia)
mixture. The snubber is porous and tends to get clogged by soot particles over time so it
needs to be cleaned before mixing to yield a good result. Mixing should ideally be
isothermal. However, the Joule-Thompson effect and compression heating will occur
even when mixing is done slowly.
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

Calculate partial gas pressures and account for transducer non-linearity.
Verify that there is enough gas pressure in the supply bottles.
Empty gas bottle.
Connect vacuum pump to manifold.
Connect pressure transducer and cleaned snubber to manifold.
Evacuate the gas bottle and the gas lines of the mixing volume.
Close valve to the vacuum pump.
Close valve on the gas mixture bottle.
Pressurize the rest of the mixing volume to check for leaks. This takes a long time
due to temperature effects.
Use Snoop on all the Swagelok fittings.
If it still leaks, tighten the valves slightly.
Open valve on the gas mixture bottle.
Fill gases slowly in the order: Acetylene, hydrogen, nitrogen and oxygen. Allow
time for temperature effects to be minimized before starting the next gas.
Close valve on the gas mixture bottle.
Empty gas lines and disconnect vacuum pump and pressure transducer.

E.4 Recharging oil accumulator

The oil used in the accumulator is motor oil of SAE15-40W or similar viscosity. It
holds about 2 liters of oil.
1.
2.

Ensure that the nitrogen bottle and valves on the manifold are closed.
Open the valve on the gas side of the accumulator and the waste valve on the
accumulator manifold. Allow the pressure to reach ambient.
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3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.

Disconnect the accumulator manifold from the accumulator.
Disconnect the oil line from the accumulator.
Loosen and remove accumulator plug on oil side, while still mounted on the table.
Let any oil left drain.
Remove accumulator from table and set it on its gas end.
Reset the position of the piston using a long wooden pole.
Fill accumulator with oil.
Remove Teflon tape from plug threads and apply three new wraps of Teflon tape.
Lubricate plug o-ring prior to screwing it in place.
Reconnect oil line, handtight.
Mount accumulator on table and tighten plug and oil line.
Reconnect accumulator manifold.

E.5 Starting up lab

The bomb needs 1–2 hours to warm up and the green HeNe laser needs about 30
minutes before it reaches a steady output.
1) Heat up combustion chamber:
a) Plug in the four yellow plugs on the east wall.
b) Ensure the feed back thermocouple is connected.
c) Set the temperature on the control panel:
i) Turn the power strip on.
ii) Press MENU until SP1 is displayed, and the temperature is flashing
(Generally only one press is necessary).
iii) Press MAX to cycle the flashing digit to the desired value.
iv) Press MIN to shift one digit to the right.
v) Press ENTER when the desired temperature is set.
2) Start cooling devices:
a) Ensure the tubing is connected to the pressure transducer.
b) Start cooling pump for the pressure transducer, and ensure that coolant is flowing.
c) Turn on the chiller and set the desired temperature to 10 degrees.
d) Start the fuel pump.
e) Turn on the air conditioner to keep a controlled room temperature.
3) Turn on CCD camera:
a) Plug in camera power supply.
b) Remove lens cap and mount the correct filters in front of the camera.
c) Turn on the Digital Delay Generator and check the settings.
4) Plug in/Turn on everything else:
a) Open DAQ program Cbomb6i.vi.
b) Plug in the fuel injector driver box and oil pressure transducer power supply.
c) Connect the positive lead of the ignition coil.
d) Plug in the power supply for the spark circuit.
e) Turn on the laser circuits.
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f)
g)
h)
i)
j)

Turn on the lasers.
Ensure the Dremel tool is plugged in.
Open the valves on the accumulator manifold and accumulator gas line.
Connect the pressure transducer to the charge amplifier and turn it on.
Turn on the exhaust fan.

E.6 Running experiments

A single person can run the entire lab, but it is a little more time efficient to have two.
Keep an eye on fuel temperature and look for bubbles in the fuel line. Also look to make
sure that the rubber stopper hasn’t popped open due to change in pressure in the fuel
beaker. It is best to equalize the beaker pressure once the system has reached a steady
state.
1) Evacuate the combustion chamber:
a) Open the gas valve to the vacuum pump line.
b) Turn on the vacuum pump.
c) Tighten the screw on the vacuum pump.
d) When the pressure is sufficiently low, close the gas valve.
e) Loosen the screw on the vacuum pump, and turn off the pump.
f) During the first experiment after having made any modifications to the
combustion chamber, tighten all replaced components while the bomb is under
vacuum. Also, allow the bomb to sit for a few minutes to ensure that it is holding
pressure.
2) Fill the bomb with the gas mixture:
a) Ensure that the spark is not firing.
b) Open the gas valve to the gas mixture line.
c) Go to the control panel, and flip the metal switch to MANUAL CONTROL.
d) Flip GAS INTO BOMB switch to ON.
e) When the pressure has reached equilibrium or desired pressure, flip GAS INTO
BOMB switch to OFF.
f) Flip GAS INTO CYLINDER switch to ON.
g) When gas ceases to flow, flip GAS INTO CYLINDER switch to OFF.
h) Repeat steps d through g until the desired pressure is reached.
i) Ensure that both switches are set to OFF.
j) Close gas valve.
3) Open the oil valve.
4) Flip the switch on the charge amplifier from GROUND (GRD) to OPERATE (OPR)
and record the fill pressure in Cbomb6i.
5) In Cbomb6i click on the STOP button on the right side of the screen.
6) Turn on the mixing fan. Speed should be set to about 2.
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7) After DAQ READY is shown on Cbom6i, flip the reset switch on the spark circuit.
8) Turn off mixing fan.
9) Flip the switch on the charge amplifier from OPERATE (OPR) to GROUND (GRD).
10) Evacuate the combustion chamber: follow step 2.
11) While evacuating the combustion chamber, close the oil valve.
12) Save and analyze data:
a) Ensure all experimental data is correct and looks good.
b) Press SAVE in Cbomb6i.
c) Check the power spectrum.
d) Analyze data.
13) Change the image file name:
a) In WinSpec, pull down the ACQUIRE menu.
14) Make any adjustments needed, and repeat.

E.7 Shutting down lab

1) Turn off lasers.
2) Allow the bomb to cool down:
a) Press ENTER once on the controller box to set it to STNDBY.
b) Unplug the heaters (four yellow plugs).
c) Remove the cooled pressure transducer from the bomb. Let coolant run until
pressure transducer is cool.
d) Remove the fan assembly / window blank from the bomb.
e) Keep circulating the fuel with the chiller running as long as possible.
3) Unplug fuel injector driver box.
4) Unplug power supply for oil pressure transducer.
5) Turn off camera computer.
6) Turn off exhaust fan. (It doesn’t hurt to leave it running)

E.8 Switching fuels

When switching fuels it is important to wear protective equipment such as eye
protection, gas mask with hydrocarbon filter and appropriate gloves.
1. Pump fuel out of fuel lines.
2. When the majority of the fuel has collected into the beaker, disconnect the fuel pump.
3. Disconnect the filter. WARNING: Fuel will likely spill out of the lines at every
connection that is disconnected throughout this procedure. Have collection devices
positioned to catch the fuel.
4. Allow the filter to drain.
5. Disconnect the two fuel lines from the bomb.
6. Pull the fuel lines out of the neoprene stopper.
7. Empty the fuel from the beaker into the appropriate receptacle.
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8. Wash the beaker.
9. Blow compressed air through all the fuel lines. Be sure to have collection devices at
both ends of the line, as fuel will spray out.
10. Clean the injector by either injecting until nothing comes out, or adding the new fuel
to the injector and injecting a number of times.
11. Reconnect all fuel lines and push them back through the neoprene stopper.
12. Attach a new fuel filter.
13. Fill the beaker with at least 5 deciliters of new fuel.
14. Run fuel pump and ensure that there is enough fuel.
15. Inject to ensure that the injector is still working.
16. Dispose of any rags used in a tied off trash bag.

E.9 Refurbishing fuel injector

Dimethoxymethane is a solvent and it degrades the o-rings in the fuel injector over a
period of 1–2 weeks.

The o-rings swell and small fragments are broken off.

No

dissolving has been noticed. It is therefore necessary to pull the injector out, disassemble
its lower section, clean it and apply new o-rings. Complete seal kits can be bought from
Dipaco.
Mark the position of the combustion chamber before moving it. Locations of laser
beam reflections and a camera image will record angle and height accurately. Make sure
the oil valve is closed and that the injector control box is turned off. Unplug the
connector and remove the oil collector. Unscrew the socket head screws holding the
injector down. Lift the injector by prying on the yoke. Before lifting the injector out,
cover the hole in the injector holder with a paper towel so that no oil/fuel drops down into
the combustion chamber. If that happens, it tends to collect in the bottom crevices and
then it burns there, destroying the seals. Lift the injector out. Soak up all the oil/fuel in
the injector holder. Clean the injector and remove the outer o-rings. Unscrew the
injector body using the removal tool. Disassemble the lower part of the injector and
clean the parts. Replace the interior o-ring as well. Reassemble injector. The nozzle

207

spring should ideally be put back in the same direction. If turned around, it changes the
valve opening pressure. Grease the o-rings before putting it back into the injector holder.
There is some play as far as rotation goes. If rotated the maximum amount clockwise, the
jet is on the centerline of the chamber. Reattach oil collector and connector.
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